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CHAPTER 1 
INTRODUCTION 
EARLY DEVELOPMENT OF THE THERMAL LENS AS AN ANALYTICAL TOOL 
The thermal lens effect was first reported by J. P. 
Gordon et al. in 1965 (1). While performing experiments 
to enhance Raman scattering, Gordon and his coworkers ob-
served several unexpected phenomena after positioning cells 
containing polar and non-polar liquids inside the resonator 
of a helium-neon laser. The laser was operated at a wave-
length of 632.8 nm. Using a shutter to turn on and off the 
laser beam, transients were observed on an oscilloscope 
which showed an initial increase in power density at the 
beam center followed by gradual decrease to a steady state. 
Formation of these transients was observed to be time de-
pendent with time constants on the order of seconds. Ob-
servation of the beam spot size on the mirror of the cell 
side of the resonator showed it to be larger than the spot 
size on the mirror at the opposite end of the resonator. 
Without the cell present in the cavity, the two spot sizes 
were the same. This led Gordon et al. to postulate that as 
the beam passed through the cell it was experiencing a 
1 
2 
lens-like effect. Specifically, by estimating the spot 
sizes and knowing the cell path lengths, it was shown that 
the cell acted as a diverging lens possessing a focal len-
gth equal to approximately that of the resonator mirrors. 
The formation of this diverging lens was hypothe-
sized to originate from a change in the dielectric constant 
of the liquid medium near the beam. It was also speculated 
that the heat required to form the temperature gradients 
necessary for this change to occur originated from the heat 
produced through absorption of the laser light by the li-
quid medium; thus the term 11 thermal lens. 11 A mode 1 was 
then proposed to explain this effect. 
For the sake of simplicity, this model was based on 
the assumption that the change in refractive index of the 
liquid medium around the laser beam center is parabolic in 
nature, although it is in fact Gaussian because the laser 
beam intensity profile is Gaussian. Also, parabolic the 
assumption is a valid approximation for the refractive 
index gradient profile at the beam center. The model sho-
wed that the total change in refractive index from the beam 
center to the beam edge was 7.5xlo-5 and that this change 
required a temperature differential of approximately 
0.0075°. The amount of heat necessary to produce this 
temperature change can be generated by an absorption of 10-
3 to lo-4 cm-1. From their model, Gordon et al. derived 
3 
the following equation to describe the time dependent focal 
length of the thermal lens: 
where 
k 
w 
p 
1 
b 
1fkw 2 (l+t /2t) 
c F(t) = ----Pbi(aniar5 _____ _ 
h 1 d . . ( cm-loc-1) t erma con uctivity watts 
laser beam radius (cm) 
laser power (watts) 
path length (cm) 
absorption coefficient (cm-1) 
(1) 
dn/dT - refractive index variation with temperature 
and 
where 
t 
c 
p density (g cm-3) 
C specific heat (joule g-l 0 c-l). 
(2) 
Thus, the thermal lens effect is simply a heat 
induced phenomenon. When a laser beam possessing a Gaus-
sian intensity profile passes through a solution which 
absorbs at the laser wavelength the solution is heated. 
This heat is produced by non-radiative relaxation of mole-
cules in excited electronic states and is most intense at 
locations closest to the beam. As a result, expansion of 
the solution produces temperature, density, and refractive 
index profiles illustrated in Figure 1. Since most liquids 
have a positive coefficient of thermal expansion and a 
negative refractive index with temperature change, the 
absorbing solution behaves as a diverging lens. 
I 
or 
T 
t 
n 
or 
p 
t 
Figure 1. Density, p(t); refractive index, n(t) and 
temperature, T(t) profiles created by a laser 
beam with a Gaussian intensity profile, I(t), 
traveling through an absorbing solution, 
t = time. 
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Thus, an increase in laser beam spot size is observed in 
the far-field due to thermal lens formation. Equation 1 
demonstrates that thermal lens formation is enhanced in 
solvents having a low thermal conductivity and a large 
refractive index with temperature change. These two para-
meters are satisfied by non-polar solvents, notably carbon 
tetrachloride and benzene. Equation 1 also indicates that 
thermal lens formation is time dependent. When a shutter 
is used to turn on and off the laser beam, this time depen-
dency becomes evident by observing the thermal lens tran-
sient. Once the laser is turned on (t-0), an instantaneous 
temperature rise takes place in the absorbing solution 
fol lowed by a gradual decay to a steady state ( t-oo) . The 
steady state focal length, f(oo), is simply defined as 
(3) 
Alternatively, expressed in terms of absorbance A, Equation 
(3) becomes 
(4) 
At steady state the rate of heat gained by the solution 
equals the rate of heat lost. The amount of time required 
to reach thermal lens steady state is dictated by the ther-
mal lens time constant, tc. As shown in Equation 2, tc 
values vary with solution density, laser beam spot size, 
6 
solvent heat capacity, and thermal conductivity. Values 
for tc can range from less than a microsecond to a few 
seconds (2). 
After the thermal lens effect was first reported, 
various methods were developed to measure it. These meth-
ods relied upon observing physical changes in the proper-
ties of the laser beam once it had passed through an ab-
sorbing medium. Leite, Moore, and Whinnery used an intra-
cavity technique. By placing a cell containing an absorb-
ing medium at one end of the laser tube they measured the 
growth in spot size on the mirror located at the opposite 
tube end. The growth in spot size was an indirect measure 
of how much light the medium had absorbed. Absorbances of 
benzene, carbon disulfide, toluene, nitrobenzene, and car-
bon tetrachloride were reported (3). 
Solimini expanded on this technique by incorporat-
ing a scanning spherical mirror interferometer (SSMI) into 
the experimental arrangement of Leite, Moore, and Whinnery. 
The purpose of the SSMI was to eliminate higher laser modes 
that were not visible by the eye. Thus, the purity of the 
Gaussian beam was guaranteed. It also permitted observa-
tion of the liquid's spectrum when the sample was placed 
inside the laser cavity. The absorbances of 29 low loss 
organic liquids as well as water were measured and reported 
( 4) . 
7 
In 19 7 2 Stone reported an extra- cavity technique 
where the refractive index change produced by a temperature 
rise due to absorption causes the laser beam path to alter 
as the beam travels through an absorbing medium. This path 
change can be detected, with an interferometer, as a small 
phase shift in the laser beam as it emerges from the medi-
um. Stone constructed a very sensitive interferometer 
which allowed for the measurement of the thermally induced 
phase shift for several low loss organic liquids. An at-
tractive feature of this interferometer was that both in-
terferometer beams passed through the sample cell. Thus, 
any changes in the ambient temperature, causing thermal 
drift, would not affect the measurement (5). 
Furthermore, Dabby et al. demonstrated that in 
addition to phase modulation, the laser beam also undergoes 
a slight frequency shift as a result of the medium's re-
fractive index change. The magnitude of the frequency 
shift is proportional to the amount of lensing taking place 
in solution. Dabby was able to measure the shift by monito-
ring the beam center intensity change in the far-field with 
an intensity-dependent detector. His rationale was that a 
small shift in frequency would create a large change in the 
far-field beam center intensity profile. Dabby demonstra-
ted the feasibility of this technique by measuring the 
absorption coefficient of methylene blue dissolved in meth-
anol (6). 
8 
Despite their reasonable accuracy and sensitivity, 
the methods developed to measure the thermal lens effect, 
prior to 1973, were not easily adaptable to most analytical 
applications. In 1973 Hu and Whinnery ascertained the need 
for a simple and sensitive method for measuring the thermal 
lens effect (7). 
the measurement 
the 
They developed a method that was based on 
of the far-field expansion of a laser beam 
formation of an extracavi ty thermal lens. created by 
The goal of their work was to test their new method by 
measuring the absorption coefficients of some low absorbing 
organic solvents and then compare their results to those 
obtained by the previously developed methods. Thus, they 
were in need of an equation that would define the absorp-
tion coefficient as a function of the fractional change in 
the far-field laser beam center intensity. 
The derivation of this equation was based on two 
premises; the first being that a laser beam is completely 
defined, at any position, by its beam radius, w, and its 
radius of curvature, R (refer to Appendix IV). Second, if 
a thin, diverging lens is placed at some distance beyond 
the beam waist then the beam is defocused beyond this lens. 
It was necessary to choose values of w and R so that the 
fractional change in the far-field beam due to lens forma-
tion would be a maximum. In the course of their derivation 
Hu and Whinnery were able to show that a weak thermal lens 
does not diverge the beam when it is located at the beam 
9 
waist. They also demonstrated a very unique property re-
garding the thermal lens. Unlike conventional absorption 
measurements, the thermal lens signal magnitude is depen-
dent upon the location of the sample relative to the laser 
beam waist. They found that maximum beam exp ans ion oc -
curred when the thermal lens is positioned at a point be-
yond the beam waist where R is a minimum. This distance is 
defined as, z, the confocal distance. When a thermal lens 
is placed at one confocal distance beyond the beam waist 
the following definitions applied: 
z -
and 
where 
2 
11'W 
0 
---x --
laser beam waist radius (cm) 
wavelength of laser (cm). 
( 5) 
(6) 
Knowing these two facts allowed Hu and Whinnery to arrive 
at the following equation describing the absorption coeffi-
cient, b, as a function of the change in far-field beam 
center intensity: 
lllbc 
Ibc(t-0) 
Ibc(t=oo) 
(7) 
Ibc(t-0) - Ibc(t=oo) 
far-field beam center intensity at t-0 
far-field beam center intensity at t-oo. 
10 
Thus, all that was required to obtain a thermal lens mea-
surement was to measure the change in the far- field beam 
size by monitoring the light intensity at the beam center. 
The experimental arrangement used by Hu and Whinnery 
was quite simple. After passing through a focusing lens, 
the beam from a He -Ne laser tr ave led through a ce 11 con-
taining an absorbing liquid. The cell was placed such that 
its center was one confocal distance beyond the laser beam 
waist. A shutter, positioned at the beam waist for sharp-
est chopping, acted as a switch to turn the beam on and 
off. A pinhole, placed in the far-field, served as a limi-
ting aperture while a photomultiplier behind the pinhole 
de tee ted any 1 igh t passing through. Thermal lens tran-
sients were observed on an oscilloscope. Hu and Whinnery 
used this single-beam arrangement to measure the fractional 
beam center intensity change produced by carbon tetrachlor-
ide, cyclohexane, acetone, hexane, ethanol and methanol. 
From these measurements they calculated the absorption 
coefficients of these solvents using their newly derived 
equation. Their results were in general agreement with 
those obtained with the other thermooptical methods de-
veloped prior to 1973. Discrepancies between their results 
and others were attributed to variations in sample impuri-
ties. 
In 1976 Swofford, Long, and Albrecht introduced a 
new optical arrangement for measuring the thermal lens 
11 
effect ( 8 , 9) . Their research involved measuring very weak 
c-H stretch vibrational transitions induced by visible 
light, on benzene, methyl substituted benzenes, naphtha-
lene, and anthracene. Since these stretching vibrations 
have absorption coefficients on the order of cm-1 , 
thermal lensing was well suited to their purpose. Swof-
ford's dual-beam approach used two lasers. A modulated cw 
dye laser, serving as a heating (pump) beam, formed a pul-
sating thermal lens in the sample. An unmodulated beam 
from a HeCd laser (442nm), aligned collinearly with the 
pump beam, acted as a probe. The probe beam's function was 
to monitor the formation and deformation of the thermal 
lens created by the pump beam. Both beams propagated in 
the same direction. A bandpass filter placed before the 
aperture to a photomultiplier blocked the pump beam and 
only allowed the probe beam to pass. Synchronous detection 
was used to monitor the modulated probe beam. Output from 
the lock- in amplifier could then be recorded on a strip-
chart recorder. 
Figure 2 illustrates a schematic representation of 
the modulated pump and probe beam center intensity profiles 
created with the dual- beam arrangement. During the pump 
beam "on time" a thermal lens forms in the solution. The 
probe beam center intensity gradually decreases during this 
time interval. In the interval that the pump beam is 
turned off, the probe beam center intensity rises in 
t 
____ I I I I I l_a 
I 
Figure 2. 
t 
Pump (a) and probe (b) beam intensity profiles 
observed in a dual-beam thermal lens 
configuration; I = beam center intensity, 
t = time. 
12 
13 
response to the thermal lens deformation. The observed 
probe beam center intensity versus time profile correlated 
very well with that predicted by Swofford's theoretical 
analysis of the dual-beam arrangement (10). 
In 1979 and 1980 Dovichi and Harris expanded on 
the theoretical development, originally started by Hu and 
Whinnery, concerning the effect a thermal lens has on a 
laser beam depending upon where the lens was placed rel-
ative to the beam waist (2). They derived the following 
equation which describes the relative change in the far 
field laser beam spot size induced by positioning a thermal 
lens beyond the beam waist: 
where 
f (co) 
far field beam spot size 
w(O) - w(t) 
(8) 
distance from beam waist to thermal lens 
confocal distance. 
This equation told them that in the case of a weak lens, 
(f(co) 2 >> z1 + zc), the thermal lens effect depended lin-
early on the inverse focal length. Limiting themselves to 
the weak thermal lens case, they further went on to mathe-
matically describe the positional dependence of the weak 
thermal lens response in terms of z1 and Zc as: 
:?:~g~~~~~t~!~~-­
.\k 
( 9) . 
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If Equation 9 is plotted as Aibc/Ibc versus z1, then a 
curve, asymmetric about the beam waist, similar to that 
shown in Figure 3, is obtained. Positioned before the beam 
waist a diverging thermal lens reduces the beam convergence 
thereby reducing the amount of divergence once the beam has 
traveled through its waist. A thermal lens placed after 
the beam waist serves only to enhance the divergence of the 
beam. Figure 3 also shows that there exists a finite 
distance before and after the beam waist at which a maximum 
thermal lens response is obtained. This is the confocal 
distance as was defined earlier (subsequent work, discussed 
later in this chapter, showed this to be incorrect). In 
order to obtain the largest thermal lens possible the sam-
ple must be positioned one confocal distance on either side 
of the beam waist. Thus, allowing z1 to equal Zc in Equa-
tion 9, Dovichi and Harris arrived at the following expres-
sion describing the relative change in the far field beam 
center intensity as a function of sample absorbance: 
-2.303P(dn/dT)A 
- - - - - - - ).'k - - - - - - - - - (10) 
2.303EA (11) 
8 
:~ 
5 
' 
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Figure 3. 
~/ 
-10 -6 -2 6 10 
Diatance betwe .... .ample ADd beam ....W.t. 
Thermal lens magnitude as a function of z1, the 
distance between the sample and the laser beam 
waist. 
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This equation assumes that all absorbed energy is lost as 
heat and no fluorescence occurs. If fluorescence is pre-
sent a correction term incorporating quantum yield must be 
added. 
Equation 10 predicts an enhancement, E, for ther-
mal lens absorption measurements relative to conventional 
Beer's law measurements. The magnitude of this enhancement 
is governed by judicious choice of a solvent with low ther-
mal conductivity and large refractive index change with 
temperature. Typical enhancement values per unit of las~r 
power range from 3.88 for carbon tetrachloride to 0.09 for 
water (2). Also, Equation 10 shows a linear increase in 
response with laser power supplied to the sample. Conse-
quently, the ability to measure smaller than conventional 
absorbances should be realized by increasing the laser 
power. These two factors promised an excellent improvement 
in minimum measurable absorbances relative to those ob-
tained with conventional techniques. 
As of 1979, the thermal lens effect had not been 
used to quantitate any analyte in solution. All samples 
had been neat solvents or solutions and experimentation was 
mainly restricted to demonstrating the properties of the 
thermal lens or measuring absorption coefficients of weakly 
absorbing solutions (1, 4-8). Two qualitative applications 
of the thermal lens effect had been reported. The first 
involved using the thermal lens effect for measuring C-H 
17 
vibrational overtones of benzene, naphthalene, and anthra-
cene (11). The second application demonstrated that multi-
photon absorption spectra could be recorded using a thermal 
lens method (12, 13). Realizing the analytical signifi-
cance for the quantitation of trace solutes in solution 
offered by Equation 10, as well as the opportunity to in-
troduce lasers as practical tools for analytical chemists, 
Dovichi and Harris reported, in 1979, the first use of the 
thermal lens effect for analytical purposes (14). 
The experimental arrangement used by Dovichi and 
Harris was identical to that used by Hu and Whinnery. 
However, instead of observing thermal lens transients on an 
oscilloscope, an electronic signal processor hooked to a 
computer was used to measure [I(O)-I(oo)]/I(oo). Using 
methylene blue in methanol:water (2:1) and a helium-neon 
laser the confocal distance was determined by translating 
the sample along the beam path, after the waist, and taking 
thermal lens measurements. The confocal distance was ob-
tained by plotting [I(O)-I(oo)]/I(oo) versus the sample dis-
tance from the beam focus. The observed maximum in this 
curve was taken as the confocal distance. Once the confo-
cal distance was known the sample cell was fixed at that 
point. A copper (I I) determination was then performed by 
measuring the thermal lens signals produced by solutions of 
Cu-EDTA complex. The determination was done in water, 1:1 
acetone:water and 3:1 acetone:water in order to demonstrate 
18 
the enhancement achieved by using increasingly nonpolar 
solvent systems. The minimum measurable absorbances ob-
tained for each solvent system were 5.lxlo-3 (5.5 µg/mL), 
3.5xlo-3 (3.7 µg/mL) and 1.0xlo-3 (1.0 µg/mL), respective-
ly. 
Subsequent to Dovichi and Harris' work, the first 
analytical applications of the pump/probe thermal lens 
technique were reported by Ishibashi, et al. (15, 16). 
Using an Ar+- ion pump and a He Ne probe they quanti ta ted 
iron through complexation with 1,10-orthophenathroline. 
Minimum measurable absorbances of 6xl0 - 3 absorbance uni ts 
(AU) for an aqueous buffer solution and l.9xlo-5 AU by ion-
pair solvent extraction of the complex into chloroform were 
reported. Other analytical applications for the determina-
tion of phosphorus in solution (17) and nitrogen dioxide in 
gaseous mixtures (18, 19) soon followed. All used visible 
wavelength lasers. In turn, an application was reported 
which used an infrared laser to quantitate condensed phase 
hydrocarbons (20). 
Once the potential for using the thermal lens ef-
fect for quantitative solution analysis had been demonstra-
ted, many contributions to the refinement of this new ana-
lytical technique were made by several researchers. These 
refinements generally fell into three categories: new theo-
retical approaches, novel optical configurations, and ap-
plication of the technique as a detection method for high 
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performance liquid chromatography. The remainder of this 
chapter will be devoted to summarizing the highlights from 
these three categories followed by a discussion of the 
application of laser-induced fluorescence to HPLC detection 
and concluding with a statement of purpose for this disser-
tation. 
NEW THEORETICAL APPROACHES 
In 1982, Sheldon, Knight, and Thorne developed a 
new theory to describe the effect a thermal lens has on the 
far-field beam center intensity (21). Up to this point, 
researchers had accepted the parabolic thin lens model as 
an accurate theoretical model of the thermal lens effect. 
However, this model was based on the assumption that the 
refractive index gradient around the beam center was para-
bolic. Assuming a parabolic refractive index gradient 
implies that the thermal lens behaves as a "perfect lens" 
in that aberrant lens effects are non-existent. However, 
in reality, the refractive index gradient around the beam 
center is Gaussian which means aberrations are present to 
some extent. Thus, the thin lens model provided only a 
qualitative description of the thermal lens since it did 
not take into consideration the lens' aberrant nature. 
Taking this into consideration, Sheldon et al. ascertained 
the need for a more rigorous theory that would better des-
cribe the thermal lens quantitatively. Their new theory 
stated that, if the sample is located at the position for 
optimum thermal lens signal, the fractional change in far-
field beam center intensity would be described by the fol-
lowing equation: 
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(12) 
(13) 
Equation 12 predicted that maximum thermal lens response 
was achieved by placing the sample, not at the confocal 
distance as the parabolic thin lens model predicts, but at 
a distance of 3~zc relative to the beam waist. 
Carter and Harris developed a theory which applied 
to measuring the thermal lens effect using long path length 
cells (22). Their integrated positional dependence theory 
relies upon integrating the thin lens positional dependence 
equation over the distance of the sample path. This would 
account for the non-uniform beam divergence in a long path 
sample. However, this theory assumes that the beam spot 
size across the sample is uniform when, in fact, it is not 
because of the different refractive index boundaries the 
beam crosses as it travels through the sample. Realizing 
this, they developed a second theory based on numerical 
modeling which accounts for the non-uniform beam profile 
across the sample. 
In 1985 Berthoud, Delorme, and Mauchien made a 
significant contribution to dual-beam thermal lens theory 
( 2 3) . They reported the first systematic study of the 
relative positions of the pump and probe beam waists and 
their effects on thermal lens measurements. They demonstr-
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ated, experimentally and theoretically, that for a dual-
beam system maximum, sensitivity occurs when the sample is 
placed at the focal point of the pump beam, allowing for 
the strongest thermal lens possible to be formed, and when 
the probe beam is focused at 3~zc before or after the pump 
beam waist. 
NOVEL OPTICAL CONFIGURATIONS 
Realizing that the lower limit of detection for the 
thermal lens technique was dominated by background solvent 
absorbance, Dovichi and Harris designed an optical arrange-
ment whereby the background signal could automatically be 
subtracted from the sample (24). This single-beam dif-
ferential thermal lens spectrometer was based on the an-
tisymmetric dependence of the thermal lens response rela-
tive to the lens position with respect to the beam waist 
(see Figure 3, page 15). A differential response was crea-
ted by placing the sample and reference cells one confocal 
distance before and after the beam waist. Since the refer-
ence cell contained only solvent any signal due to solvent' 
absorbance produce in the sample cell was cancelled by that 
produced in the reference cell as long as the two cells 
were positioned symmetrically about the laser beam waist. 
This system was unique since subtraction of laser intensity 
fluctuations and solvent absorption was produced optically 
as opposed to electronically. A detection limit of 6.3x10-
7 AU was observed using a laser power of 200 mW. Subse-
quent applications for the determination of phosphorous 
(25) and lanthanides (26) have been reported using this 
differential technique. 
Alternatively, a differential response can be pro-
duced electronically rather than optically. A dual laser 
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double - beam thermal lens spec trome te r based on photo - di f -
ferential detection has been reported by Termae and Winefo-
rdner (27). In their configuration co 11 inear argon- ion 
pump and HeNe probe beams were split into sample and refer-
ence beams which passed through respective sample and refe-
rence cuvettes. A variable neutral density filter was 
positioned in the reference beam to match the intensity of 
the sample beam. After blocking the pump beams with color-
ed filters the sample and reference beams centers struck 
respective photodiodes. By electronically subtracting the 
sample and reference beam center intensities, a modulated 
signal was produced which represented only thermal lens 
formation and deformation. In this manner, the background 
signal due to solvent absorption was compensated for. A 
detection limit of 4xlo-10 M amaranth in methanol was achi-
eved using this configuration. 
In addition, a single laser double-beam thermal 
lens spectrometer has been reported by Jans en and Harris 
(28) which combines the advantages of the single-beam and 
pump/probe designs. Their configuration was similar to 
Termae and Winefordner' s however a single laser beam was 
split into sample and reference beams. A variable neutral 
density filter was positioned in the reference beam, to 
match the intensity of the sample beam. By electronically 
subtracting the average sample and reference beam inten-
sities a modulated signal characteristic of only the ana-
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lyte thermal lens formation and deformation was produced. 
Lower detection limits compared to the single-beam con-
figuration and a reduction of short term laser intensity 
fluctuations were the most significant advantages of this 
configuration. Since no reference .cuvette was used a dif-
ferential response reflecting solven~ absorption cancella-
" 
tion was not reported. 
Several unique optical configurations have been 
developed by taking advantage of laser beam polarization 
properties (29-32). In 1984, Yang introduced a dual-beam 
thermal lens spectrometer which used a single laser (29). 
Prior to this, all dual-beam th.ermal lens spectrometers 
reported requir~d the use of two lasers. A polarizing beam 
splitter cube was used to split a randomly polarized HeNe 
laser beam into pump and probe beams of orthogonal polariz-
at ion. The modulated pump beam was recombined, collinear-
ly, with the unmodulated probe beam before passing through 
the sample. Separation of the two beams was accomplished 
by placing a dichroic sheet polarizer before the photodiode 
aperture. A minimum measurable absorbance of 2.Sxlo- 4 was 
observed. 
A single-laser/dual-beam configuration based on 
polarization encoding was developed by Pang and Morris 
(30). After splitting the beam with a glass plate split-
ter, the pump beam was passed through a Fresnel rhomb which 
rotated its plane of polarization perpendicular to that of 
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the probe beam. A Glan prism positioned before a fiber 
optic aperture allowed optical separation of the two beams. 
The prism passed only light polarized in the direction of 
the probe beam. 
A fundamentally different approach to polarization 
encoding was developed by Yang, Hall and De La Cruz (31). 
Their propagation encoded configuration utilized ortho-
gonally polarized pump and probe beams which traveled col-
linearly in opposite directions through the sample. The 
pump and probe beams were separated spatially and no opti-
cal rejection device was necessary for the pump beam. 
Thus, the emergent probe beam was devoid of pump radiation 
which resulted in an over all reduction in signal noise. 
A unique single-beam pump/probe thermal lens spec-
trometer developed for sensitivity enhancement has been 
i 
' reported py Yang (32). 
f. '. 
The rotoreflected laser beam ther-
mal lens configuration a~lowed the sample to be placed at 
the laser focal point for maximum thermal lens formation 
while being probed at 3~zc for optimum probing effect. 
This was accomplished by placing the sample at the laser 
waist and positioning a quarter-wave retarder /mirror com-
bination at a distance of one-half Zopt (3~zc/2) behind the 
cell. A sensitivity enhancement of three times that of the 
conventional single-beam arrangement was observed. This 
agreed well with the proposed theory. Yang predicted an 
absolute sensitivity increase of 12-fold, based on mass, 
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since the excited sample volume was four times smaller than 
in a conventional single beam arrangement. A detection 
limit of Sxlo-7 AU was obtained with the rotoreflected beam 
system. 
One other single-laser, single beam pump/probe 
thermal lens spectrometer has been reported by Bobbitt, 
Erskine, and Foley (33). In their configuration modulation 
was accomplished by passing the laser beam through an acou-
sto-optic modulator (AOM). After exiting the sample cell 
the beam was split into its first and zero order Bragg 
components by traveling through a second AOM. The first 
order beam, acting as the probe, was centered onto an aper-
ture positioned before a photodiode. Thus, the pump and 
probe beams were separated temporally rather than spatial-
ly. The most significant advantage of this configuration 
was the reduction of laser alignment noise caused by trying 
> • to overlap'two beams inside the sample cell. 
Two unique variations on the pump/probe thermal 
lens concept were introduced by Yang and Hairrell (34) and 
Dovichi, Nolan and Weimer (35,36) in 1984. Both concepts 
were based on crossing the pump and probe beams in the 
sample instead of having them propagate collinearly. Yang 
and Hairrell used a single-laser/dual beam configuration 
and crossed the pump and probe beams inside the sample at 
0 
an angle of approximately 1 Since the pump and probe 
beams were spatially separated, noise due to optical inter-
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ference from collinear beams was avoided. Also, no rejec-
tion device was needed to block the pump beam from the 
detector, thus eliminating another system noise source. 
Applying their system to flow injection analysis, a minimum 
measurable absorbance of 2.0xlo-4 AU was observed. In the 
static mode a minimum measurable absorbance of 7.2xlo- 5 AU 
was achieved. This represented a factor of 3 lower than 
the detection limit obtained with their collinear 
pump/probe configuration (29). 
Photothermal refraction, the term used by Dovichi, 
Nolan and Weimer to describe their crossed-beam method, 
involved crossing the pump and probe beams in the sample at 
a right angle. This allowed for very high spatial resolu-
tion. The heated sample acted as a cylindrical lens and 
defocused the probe beam along the axis perpendicular to 
the beam plane. In addition, photothermal refraction 
theory demonstrated that the sens i ti vi ty of the technique 
was not dependent on path length and was also inversely 
proportional to the pump beam spot size (35). Thus, the 
more tightly focused the pump beam, the greater the sen-
sitivity of the technique. Consequently, photothermal 
refraction was very amenable to small volume situations. 
Dovichi et al. were able to quanti tate 0. 4 femtograms of 
iron in a probe volume of 25 picoliters (36). An absor-
bance de tee t ion 1 imi t of 1. lxlO - 7 AU was achieved using 
CCl4 as a solvent (36). 
.. 
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In 1982, Ishibashi, Imasada, and Miyaishi intro-
duced a new type of thermal lens spectrometer based on 
image detection (37). They noted that in a pump/probe 
configuration inhomogeneities in the probe beam Gaussian 
intensity profile, produced by the beam passing through the 
various optical elements in the configuration, were a 
source of spatial noise. Also, slight misalignment of the 
pump beam could deflect the probe beam center away from the 
pinhole aperture, causing serious error in measuring weak 
thermal lens signals. In order to alleviate both of these 
problems, Ishibashi et al. used a photodiode array to sam-
ple the entire probe beam profile and subsequently, with a 
microcomputer, least- square fitted the profile to a Gaus -
s ian curve. The change in far- field spot size was then 
calculated. In this manner spatial noise was effectively 
averaged out and, since no pinhole aperture was used, im-
proper measurements were avoided. By complexing Fe(II) 
with 1, 10-orthophenanthroline a minimum measurable absor-
bance of 6x10- 7 AU was obtained which represented a two 
order of magnitude decrease over a previous determination 
using conventional pinhole aperture and photodiode detec-
tion (16). 
Jansen and Harris were able to improve upon the 
image detection method by employing a parabolic transmis -
sion mask for the purpose of optically computing the far-
field beam spot size (38). This allowed the spatial noise 
30 
to be averaged over two dimensions rather than one as was 
the case with the photodiode array method. Combining the 
effects of signal averaging in both time and two spatial 
dimensions produced detection limits which were 24 times 
lower than those obtained with photodiode array imaging. 
APPLICATION TO HIGH PERFORMANCE LIQUID CHROMATOGRAPHY 
Once the thermal lens technique had become estab-
lished as a convenient method for measuring small absor-
bance in solution, application to high performance liquid 
chromatography (HPLC) soon followed. The enhancement over 
conventional absorbance measurements inherent to the ther-
mal lens signal, coupled with the coherent nature of a 
laser beam, made this technique extremely well suited for 
liquid chromatographic detection in small volume flow 
cells. This was especially significant to microbore and 
capillary column detection where submicroliter sample vol-
umes are typical. 
Dovichi and Harris were the first researchers to 
study the effect of flow on the thermal lens signal (39). 
Their investigation revealed that the overall effect of 
flow was to decrease the thermal lens strength. This was 
explained by the fact that a constant flow continually 
removes heat from the sample producing a cooling effect, 
which decreases the temperature gradient at the beam axis, 
resulting in a loss of signal enhancement. They concluded 
that the primary cause of the enhancement loss was due to 
perturbations in the thermal lens induced by sample mixing 
taking place inside the flow cell, as well as pump pulsa-
tions from the mobile phase pump. However, this enhance-
ment loss was not severe enough to rule out using the ther-
31 
32 
mal lens as a detection method at flow rates typically used 
in HPLC analysis. 
The first application of the thermal lens effect 
for HPLC detection was reported by Leach and Harris in 1981 
(40). Using a single-beam configuration they positioned a 
flow cell beyond the beam waist, where maximum thermal lens 
signal was observed, and demonstrated a reverse phase 
separation of nitroaniline isomers. Beam center intensity 
changes were monitored using transient signal recording 
(41). Soon to follow was the first dual-beam application 
to HPLC detection by Buffet and Morris in 1982 (42). An 
Ar+- ion pump and HeNe probe beams were used to detect a 
reverse phase separation of ~-nitroaniline and R,R-
dimethyl-3-nitroaniline. Subsequently, application of the 
thermal lens effect to liquid chromatographic detection has 
been demonstrated for the polarization (30) and propagation 
encoding (31) optical configurations, in addition to Bob-
bitt's acousto-optic arrangement (33). 
In 1984, Pang and Morris reported a very unique 
development in single-beam thermal lens detection applied 
to liquid chromatography (43). By mathematical derivation 
they demonstrated that the thermal lens response contained 
a component, R(t) K' 'aP2(cos 2wt) (K'' is a constant; a, 
P, t as previously defined), at twice the modulation fre-
quency, w. By monitoring the thermal lens signal at twice 
the modulation frequency and using lock-in amplification 
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detection they were able to extract the second harmonic 
component of the thermal lens signal. A notch filter was 
installed in their lock-in to suppress the large fundamen-
tal signal component. This approach represented a major 
simplification for single-beam thermal lens detection since 
sophisticated signal processing electronics, unavailable in 
many analytical laboratories, was not necessary to detect 
the beam center intensity change. However, a loss in sig-
nal- to -noise ratio was observed with the second harmonic 
method compared to a conventional pump/probe arrangement. 
This was attributed to residual fundamental present in the 
signal due to the less than 100% efficiency of the notch 
filter. 
Another innovative contribution to the development 
of thermal lens detection for HPLC was also demonstrated by 
Pang and Morris when they successfully applied Dovichi and 
Harris's differential thermal lens configuration (44). The 
size of the optics did not allow direct application to a 
flow cell situation because it required tightly focused 
beams and confocal parameters less than one millimeter. To 
overcome this problem a 1:1 telescope was incorporated into 
the configuration, between the sample and reference cells, 
which created enough space for convenient positioning of 
the reference cell. Using second harmonic detection they 
achieved solvent absorbance compensation of 98%. A two-
fold increase in thermal lens signal, over the single cell 
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configuration, was attributed to compensation of the cylin-
drical lens effect on the beam as it passed through a 
single flow cell. The signal-to-noise ratio was also in-
creased by a factor of 2.5-4 compared to the single cell 
arrangement. This was due to partial flow fluctuation 
compensation in the two cell system. 
Pang and Morris have also reported a unique thermal 
lens liquid chromatography detector using a retroreflective 
array (45). By incorporating a retroreflective array into 
their single - beam configuration they were ab le to compen-
sate for aberrations caused by thermally induced refractive 
index gradients plus perform a double pass through the 
sample cell. They observed absorbances twice as great with 
the retroreflective array system and a signal-to-noise 
enhancement of 6:1 compared to a conventional single-beam 
arrangement. 
The first use of thermal lens for detecting com-
ponents eluting from a microbore liquid chromatography 
column was demonstrated by Buffet and Morris (46). Using 
the same dual-beam optical configuration as in reference 43 
they replaced the 8 µL volume, 1 cm path length flow cell 
with one having a 0.5 µL volume and 1-mm pathlength. A 250 
mm x 1-mm i.d. reverse phase microbore column replaced the 
standard analytical column. Their microbore system perfor-
mance was similar to that of the analytical column system. 
They also demonstrated that using pump laser powers below 
35 
10 mW was feasible as long as a 60:1 pump/probe power ratio 
was maintained. 
Photothermal refraction has proven to be an ideal 
technique for detecting components separated on microbore 
and capillary columns. As stated earlier (pg. 28), the 
photothermal refraction signal magnitude is independent of 
path length and inversely proportional to pump beam spot 
size, allowing the use of tightly focused beams. Using a 
10 cm x 1-mm i.d. reverse phase microbore column Nolan, 
Hart, and Dovichi separated a mixture of (dimethylamino)az-
obenzenesulfonyl (DAB SY) de r i vat ized amino acids ( 4 7) . A 
mass detection limit of 5 femtomoles was observed. This 
corresponded to a glycine concentration detection limit of 
8xlo-8 M or a minimum measurable absorbance of lxlo-7 AU. 
By changing to a 80 cm x 0.25 mm i.d. capillary column they 
reported a detection limit of 750 atomoles (48). Femtomole 
detection limits have also been reported using the same 
system for the quantitation of 2,4-dinitophenylhydrazones 
( 49) . 
Skogerboe and Yeung have demonstrated a single 
laser thermal lens detector for microbore liquid chromato-
graphy based on high frequency modulation (50). In order 
to obtain maximum signal strength an acoustooptical modula-
tor was used to modulate the beam at 150 kHz, thereby form-
ing a steady-state thermal lens in the sample cell. Noise 
due to laser intensity fluctuations was also reduced as a 
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result of the high modulation frequency. A detection limit 
(S/N-3) of 0.3 picograms of benzopurpurin was achieved 
which corresponded to a minimum measurable absorbance of 
4xl0- 6 AU. 
APPLICATION OF LASER-INDUCED FLUORESCENCE AS A DETECTION 
METHOD FOR HIGH PERFORMANCE LIQUID CHROMATOGRAPHY 
Quantitation of analytes in the condensed phase by 
molecular fluorescence, utilizing an incoherent excitation 
source, is a well established analytical technique. Rigor-
ous treatment of this subject regarding theory and instru-
mentation is found in the literature (51, 52). In general, 
when a molecule absorbs electromagnetic radiation at a 
specific wavelength, it is promoted from the singlet ground 
state to the first excited singlet state. Providing that 
intersystem crossing and radiationless relaxation are mini-
mal the molecule will return to the ground state by emitt-
ing light at a longer wavelength than at which it was ex-
cited. Measuring the amount of light emitted, which is 
proportional to the number of molecules in solution, makes 
quantitation possible. 
Direct excitation of a fluorescing substance leads 
to a fluorescence intensity, F, whose magnitude is descri-
bed by the following equation, 
F - 2.303QrKioeCL (14) 
where Qr fluorescence quantum efficiency 
K collection efficiency 
I 0 excitation wavelength intensity 
e analyte molar absorptivity 
C = analyte molar concentration 
L pathlength. 
Assuming that intersystem crossing and inner-filter effects 
are minimal this equation will be valid (53). 
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Equation 14 demonstrates that total observed fluor-
escence is directly proportional to the incident photon 
flux. Thus, theoretically, equation 14 predicts that lower 
analyte concentrations can be detected by increasing the 
excitation intensity. For ultimate sensitivity, quantita-
tion by fluorescence becomes the method of choice since 
achievable detection limits, routinely, are 1000 to 10,000 
times lower than those observed with conventional absorp-
tion techniques (54). 
In addition to increased sensitivity, fluorescence 
offers a high degree of selectivity over absorption spec-
troscopy, which makes it an attractive method for mixture 
analysis. Two obvious experimental situations are immedi-
ately realized. First, numerous components in a mixture 
may absorb at the same excitation wavelength where only a 
select few fluoresce. Monitoring emission allows for anal-
ysis of the fluorescing components without interference 
from the non-fluorescing compounds. Second, components in 
a mixture which absorb at the same excitation wavelength 
can be resolved spectrally or temporally providing they 
have different spectral emission profiles or fluorescence 
lifetimes. Spectral resolution is accomplished by adjust-
ing the emission mono chroma tor or creating an appropriate 
optical window with filters to selectively block unwanted 
emission. With temporal resolution, emission possessing 
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shorter lifetimes is allowed to dissipate before the de-
sired emission is measured. 
Unfortunately, not all molecules naturally fluor-
esce. However, this is not a disadvantage since many mole-
cules can be made to fluoresce, through chemical modifica-
tion, by attachment of an appropriate fluorotag. Numerous 
fluorescent derivatization reagents have been developed for 
this purpose (55-59). Chemical derivatization imparts an 
additional degree of selectivity to an analysis by turning 
a non-fluorescing molecule into one that fluoresces. In 
addition, sensitivity increases since the analyte is con-
verted to a form that produces a larger detector response 
(60). 
Replacing the incoherent excitation source with a 
laser makes fluorescence analysis an even more powerful 
tool for the analytical chemist. Specifically, laser-in-
duced fluorescence offers several advantages, in terms of 
selectivity and background noise reduction, compared to 
conventional fluorescence methods (61). As stated earlier, 
the fluorescence signal magnitude is proportional to inci-
dent photon flux. Typical incoherent excitation sources 
and their operating wattages are the mercury arc lamp (100 
W), deuterium lamp (50 W), and tungsten lamp (100 W). On 
the average, these three sources deliver 4.5 mW (254 nm), 
0.9 mW (230 nm), and 17.3 mW (600 nm), respectively, to the 
sample cell (61). In contrast, depending on the type used, 
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continuous laser sources can deliver anywhere from a few 
milliwatts up to 20 watts, directly, to the sample due to 
their monochromatic nature. Thus, a higher photon flux per 
unit detection volume is realized compared to conventional 
incoherent excitation sources and theoretically, this 
should lead to lower detection limits. However, detection 
limits are ultimately limited by the background noise mag-
nitude. Three sources of background noise inherent in 
fluorescence measurements are elastic Rayleigh scattering 
of the excitation wavelength by reflection and refraction 
from the cell walls; inelastic Raman scattering from the 
solvent and cell walls; and fluorescence from impurities, 
optics, and cell walls. Stray light must be kept to a 
minimum if optimum detection limits are desired. 
In addition to a high photon flux delivered to the 
sample, the laser beam monochromaticity allows these back-
ground e ff ec ts to be addressed more easily. Excitation 
bandwidths of conventional incoherent sources are on the 
order of 10 nm which means the Rayleigh and Raman bands 
will have the same width. However, a corresponding 10-fold 
reduction in the Rayleigh and Raman band widths is achieved 
by using a monochromatic source (61). Therefore, employing 
a laser as an excitation source expands the spectral range 
over which fluorescence emission can be collected. Fur-
thermore, use of a pulsed laser with gated detection allows 
for temporal resolution of fluorescence intensity from 
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Raman scatter. Since fluorescence decay has a longer life-
time than Raman scatter, time gating allows the fluores-
cence signal to be measured after the Raman intensity has 
diminished to a minimal level (61, 62). Also, laser light 
possesses inherent polarization. Rayleigh and Raman lines 
are polarized too, and can be filtered out from fluores-
cence intensity by using appropriate filters positioned 
before the detector (61). Finally, observation of two-
photon molecular fluorescence offers an additional degree 
of analytical selectivity when lasers are used as excita-
tion sources (63-65). The ability to deliver high average 
powers in a minimal sample volume greatly increases the 
probability of simultaneous two photon absorption. Inter-
ference from stray light and solvent Raman bands is no 
longer a problem since two-photon fluorescence is observed 
at twice the excitation wavelength. 
No where have the advantages of laser-induced 
fluorescence been more evident than in its application as a 
detection method for high performance liquid chromato-
graphy. Laser beams are easy to manipulate and their di-
rectionality allows for highly colliminated beams, with low 
divergence angles (0.5 to 1 milliradian) to be focused into 
small volumes (66). This is especially advantageous for 
microbore and capillary column detection where microliter 
and submicroliter flow cell volumes are necessary to pre-
serve component resolution (67). For on-column fluores-
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cence detect ion, Guthrie pointed out that the excitation 
energy delivered to the sample with a laser decreases pro-
portionate to the column diameter (68). The power deliver-
ed with an incoherent source decreases proportional to the 
square of the column diameter. Thus, as the column diame-
ter decreases, the laser detection limit should improve 
over that for an incoherent source in a fashion inversely 
proportional to the column diameter (68). 
Several different designs for HPLC flow cells have 
evolved out of a need to compensate for stray light reduc-
tion, volume minimization, and proper imaging onto the 
detector (61). Diebold and Zare created a windowless flow-
cell by gravity suspending the column effluent, as a flow-
ing drop, between a stainless steel tube, inserted into the 
column end, and a stainless steel rod (69). The laser beam 
was focused into the center of the free flowing drop which 
had a volume range of 4 to 5 microliters. Since the flow 
cell was windowless, extraneous fluorescence from cell 
walls was avoided. This flow cell type has been applied to 
the separation of antibody bound insulin from free insulin 
(70) and to the determination of aflatoxins and mycotoxins 
in corn on analytical liquid chromatography columns (69, 
71). 
A simple variation on the suspended droplet flow 
cell has been demonstrated by Joseffson et al. (72). They 
replaced the stainless steel tube at the end of the column 
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with one having capillary dimensions. Thus, the column 
effluent exited the tube in the form of a free falling jet 
as long as the mobile phase flow rate was at least lmL/min. 
This windowless flow cell was used to demonstrated a sepa-
ration of twelve aldehydes derivatized with (dimethylami-
no)naphthalenesulfonylhydrazine. 
Another type of windowless flow cell has been de-
signed by Callis et al. based on the sheath flow principal 
(73). In their design, column effluent is injected into 
the center of an ensheathing mobile phase stream. Since 
laminar flow conditions are maintained, mixing between the 
solvent and sample streams does not occur. The mobile 
phase sheath and sample stream flow rates are variable, 
resulting in effective sample volumes ranging from 6 to 150 
microliters. Besides a small optical dead volume this flow 
cell offers a reduction in stray light since the quartz 
cell windows are placed 5 mm away from the sample flow 
where the laser is focused. Also, extraneous fluorescence 
from impurities adhering to the flow cell wall is avoided. 
A detection limit (S/N-3) of l.2xlo-9 M mesoporphyrin IX 
dimethyl ester eluting from an reverse phase analytical 
column has been reported with this flow cell design (73). 
A simple and effective means for monitoring fluore-
scent components separated with open tubular and capillary 
HPLC columns is by on-column detection (68, 74). This met-
hod involves scraping off a section of the protective poly-
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amide coating to expose the underlying fused silica column. 
The laser beam is then focused into the column center and 
emitted light collected using appropriate optics. Essen-
tially the flow cell becomes an extension of the column and 
peak band broadening is eliminated since excess volume due 
to connections to an independent flow cell are absent. 
However, background fluorescence due to trace amounts of 
natural quartz can restrict detection limits (68). Se para-
tion of a mixture of oxadiazoles using on-column laser two-
photon fluorescence detection has also been reported (75). 
Another unique method for detecting fluorescing 
components eluting from an HPLC column has been demonstrat-
ed by Sepaniak and Yeung (76). Instead of using conven-
tional optics for collecting fluorescence emission they 
attached a quartz capillary tube to the column end into 
which the laser beam was focused. Then a fiber optic was 
inserted inside the capillary, just below the beam, to 
collect emitted light. By proper positioning of the fiber 
optic, sample fluorescence emission emanating from the 
capillary center was selectively transmitted over light 
originating from the capillary walls. Thus, scattered 
light and extraneous fluorescence from the cell walls were 
reduced. Separation and quantitation of two antitumor 
drugs, in urine, on an analytical column was demonstrated 
using their flow cell. Subsequently, this detector design 
has been applied to bile acid and plasma steroid separa-
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cions on capillary columns (77), detection of subfemtomole 
amounts of primary amino acids (78), and for analysis of 
liquified coal by two-photon fluorescence (79). 
Laser-induced fluorescence can also be used to 
detect non-emitting compounds, namely inorganic ions, elut-
ing from an HPLC column. Mho and Yeung have developed a 
double-beam ion chromatography detector which operates on 
the principle of indirect fluorimetry (80). Salicylate 
ion, used as the eluent, produced a constant high fluores-
cent background signal such that when non-fluorescing an-
ions passed through the detector cell a decrease in fluor-
escence was monitored. A 1 mm i.d. quartz tube attached to 
the column end served as the sample flow cell while the 
reference flow cell consisted of an identical tube with 
only eluent flowing through pumped by a separate peristal-
tic pump. A separation of iodate and chloride ions was 
demonstrated. 
STATEMENT OF PURPOSE 
The purpose of this dissertation is three fold. 
First, a rotoreflective double-beam thermal lens spectro-
meter based on incorporation of high frequency modulation 
and the conventional double-beam approach into the roto-
reflective single-beam thermal lens configuration is pre-
sented. The rotoreflective single-beam thermal lens spec-
trometer is designed for sensitivity enhancement and its 
simple optical configuration allows for optimum pumping and 
probing of the thermal lens as well as performing a double 
pass (32). However, the chief disadvantage of the single-
beam configuration is the inability to adopt the differen-
tial thermal lens technique (24) for the purpose of back-
ground solvent absorption cancellation (32). The rotorefl-
ective double-beam thermal lens spectrometer is designed to 
compensate for solvent absorption while incorporating the 
advantages of the rotoreflective single-beam configuration. 
Also, high frequency modulation is added to create a steady 
state thermal lens allowing for the largest possible signal 
to be recorded. 
The second purpose of this dissertation is to de-
scribe a microbore high performance liquid chromatography 
(HPLC) detection system which will simultaneously detect 
via thermal lens absorption and laser-induced fluorescence. 
This idea was first proposed by Buffett and Morris (42). 
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It is designed to exploit the complementary relationship 
between the thermal lens effect and fluorescence. This 
relationship becomes evident by examining, more closely, 
the variables that are responsible for creating the two 
signals. Equations 15 and 16 describe the thermal lens and 
fluorescence signals, Al and If respectively, which are 
measured by lock-in detection: 
2.303Eebcl 0 
2.303KI 0 ebcQf 
(15) 
(16) 
The extinction coefficient of the absorbing or fluorescing 
species is represented by e and all other variables have 
been previously defined. Even though both effects origi-
nate from different photophysical processes, their mag-
nitudes depend on several of the same variables. 
Specifically, equations 15 and 16 illustrate that 
for sufficiently dilute solutions, both effects are propor-
tional to cell pathlength, solute concentration, solute ex-
tinction coefficient, and incident power delivered to the 
sample. However, equation 15 only applies to excited mole-
cules in which relaxation is dominated by radiationless 
pathways. If an excited molecule relaxes by radiative and 
as well as non-radiative processes then equation 15 must be 
altered by a factor of 1-Qf. This factor can be thought of 
as the efficiency of radiationless relaxation. 
On the other hand, the fluorescence signal mag-
nitude will be constrained by the width of the optical 
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window created by whatever means is used to block Raman and 
spurious excitation radiation. Accordingly, equation 16 
must be altered by factor of T which accounts for the per-
centage of total fluorescence passed through the optical 
window before the photomultiplier. With these considera-
tions in mind, equations 15 and 16 can be written as 
2.303Eebcl 0 (1-Qf) 
2.303KI 0 ebcQfT 
( 17) 
(18). 
Equations 17 and 18 point out the limitations that 
the thermal lens effect and fluorescence have when they are 
applied separately as detection methods for HPLC, especial-
ly for mixture analyses. For example, if a mixture con-
tains components possessing large extinction coefficients 
at the designated analysis wavelength and Qf'S which ap-
proach 1 then these components most likely would not pro-
duce a thermal lens signal and peaks indicating their pres-
ence would not appear in the chromatogram if thermal lens-
ing is the detection method of choice. Conversely, the 
mixture may contain components such that Qf or T approaches 
zero resulting in no response if fluorescence detection is 
used. In addition, since both effects are wave length de -
pendent, the appearance of the thermal lens and fluores -
cence chromatograms will change according to the extinction 
coefficient values the mixture components possess for the 
chosen wavelength. Clearly, both detection methods should 
be utilized at different excitation wavelengths to obtain a 
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the most complete characterization of the mixture. Record-
ing of the two effects simultaneously will produce thermal 
lens and fluorescence chromatograms without resorting to 
several separate experiments. More importantly, under-
standing the variables which account for the complementary 
nature between the thermal lens effect and fluorescence 
should allow for a deeper insight into interpretation of 
the chromatograms obtained for complex mixtures. This is 
demonstrated by using the dual detector to obtain simul-
taneous thermal lens and fluorescence chromatograms of a 
standard solution of polynuclear aromatic hydrocarbons and 
the neutral PAH fraction of solvent refined coal using 
laser excitation wavelengths ranging from the ultraviolet 
to the visible. 
The third purpose of this dissertation is to demon-
strate that it is now possible to obtain thermal lens chro-
matograms using ultraviolet wavelengths. Historically, the 
number of compounds which can be analyzed for using conven-
tional laser-based HPLC detectors has been limited to those 
which absorb or can be chemically modified to absorb at a 
single wavelength, mainly in the visible portion of the 
electromagnetic spectrum. Generally, one laser has been 
required for each analysis wavelength desired. The avail-
ability of ultraviolet laser lines having intensities on 
the order of hundreds of milliwatts allows for the routine 
thermal lens detection of organic compounds which otherwise 
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would have to be chemically modified to absorb at a visible 
wavelength or not be detected at all. Chromatograms recor-
ded using ultraviolet excitation are presented which repre-
sent applications to pharmaceutical, chemical and environ-
mental analysis. 
CHAPTER 2 
ROTOREFLECTIVE DOUBLE-BEAM THERMAL LENS SPECTROMETER 
EXPERIMENTAL SECTION 
Apparatus 
An optical diagram for the rotoreflective double-
beam thermal lens spectrometer is shown in Figure 4. All 
optical components are mounted on a 2 ft x 4 ft x 2 in 
optical breadboard (Newport Research Corporation, Model LS-
24). A linearly polarized beam, 514.5 nm (P-200 mW), from 
an argon-ion laser (Spectra Physics, Model 171) passes 
through a Glan-Thompson polarizer (Ealing, Model 34-5207, 
not pictured) to insure polarity purity, followed by a zero 
order half-wave retardation plate (Ealing, Model 34-5827). 
The half-wave plate is mounted on a rotation stage (Newport 
Research Corporation, Model RSA-lT) so that the polariza-
tion content of the laser beam can be varied. It is ro-
tated with respect to the incident beam polarization, such 
that the emerging beam contains equal amounts of vertically 
and horizontally polarized light. After traveling through 
an achromatic biconvex lens (Oriel, 400 mm focal length) 
the beam is split into equally intense, sample and refer-
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Figure 4. Rotoreflected double-beam thermal lens optical 
configuration: M, mirror; 1/2, half-wave 
retarder;, L, lens; PB, polarizing beam 
splitter; GP, mechanical chopper; S, sample 
cuvett~; R, reference cuvette; 1/4, quarter-wave 
retarder; A, aperture; and PD, photodiode. 
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ence beams by a polarizing beam splitter cube. The beam-
splitter cube is mounted on an adjustable tilt table (Na-
tional Research Corporation, Model MM-2). Then, both beams 
are alternately chopped at 1. 5 kHz with a variable speed 
chopper having a duty cycle of 42% (Princeton Applied Re-
search, Model 222). A modulation frequency with a period 
much shorter than the thermal lens deformation time con-
stant is deliberately chosen in order to form a steady 
state thermal lens in the sample and reference cell. Also, 
alternate chopping of both beams allows the thermal lens in 
both solutions to be probed alternately in time, thus form-
ing a modulated differential response at the detector. The 
speed of the chopper is controlled by a function generator 
(Hewlett-Packard, Model 3310A). Once the two beams pass 
through standard 1 cm quartz cuvettes, positioned at the 
lens focal point, rotoreflection is accomplished by two, 
zero order, quarter-wave retarder (Ealing, Model 34-5819)/-
mirror couples mounted on the same translational stage. 
Maximum rotoreflection is realized by orienting each quart-
er-wave retardation plate 45 degrees with respect to the 
incident beam polarization. The quarter-wave/mirror coup-
les are positioned at the optimum sample-to-mirror distance 
of 3 cm (32). Rotoreflection of the sample and reference 
beams allows them to recombine, collinearly, and exit the 
polarizing cube face 90 degrees from which they entered. 
Optical feedback into the laser cavity is also avoided. 
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The collinear, alternately chopped rotoreflected sample and 
reference beams are centered onto a fiber optic (A), which 
serves as the limiting aperture, connected to a photodiode 
(EG&G Electro-Optics, Model FND-100). A digital storage 
oscilloscope (Nicolet Instrument Co., Model 2090) is used 
to monitor and store the modulated signals received at the 
de tee tor, fol lowed by plotting on an x-y recorder (IBM 
Instruments, Inc., Model 7424 M-T). 
For the detection limit studies a lock-in amplifier 
(Princeton Applied Research, Model 5101) operating in the 
fundamental mode is used to demodulate the signal. A nar-
row bandpass filter installed inside the lock-in and cen-
tered at 1. 5 kHz, allows undesirable system noise to be 
filtered. Pre- and post-filter time constants are set at 1 
s. The lock-in output is recorded on a stripchart recorder 
(Cole-Parmer, Model 8373-20). 
Laser beam power is measured with a power meter 
(Scientech, 360203). 
Reagents 
A l.5xlo-3 M stock solution is prepared from rea-
gent grade iodine 
(Aldrich Chemical 
and Spectrograde carbon 
Company, Inc.). Working 
tetrachloride 
standards are 
diluted from this solution. In addition, two other sets of 
working standards are prepared by diluting a l.Oxio-3 M 
aqueous cobalt complex, [Co(en)2C03]Cl04, with HPLC grade 
me thano 1 (Fi sher) and high purity water ( Syron/Barns tead, 
SS 
Nanopure IL System). Prior to analysis, all solutions are 
filtered through a 0.4S µm Nylon 66 membrane filter. 
Procedures 
construction of the differential spectrometer. Since pro-
per beam alignment and positioning of all optical compo-
nents is crucial for optimum performance, the following 
procedure is used in the construction of the differential 
spectrometer. First, the Glan-Thompson polarizer is posi-
tioned in the beam path a few centimeters beyond the laser 
head, and rotated until a maximum intensity reading is 
observed on the power meter, thus insuring that the beam is 
essentially vertically polarized. Then the beam is aligned 
parallel to the optical breadboard using two matched pin-
holes. One pinhole is placed before the first steering 
mirror and the other one is positioned at a distance beyond 
the point where the polarizing beam splitter cube will be 
placed. The beam is aligned through the second pinhole by 
fine adjustment of the first steering mirror. Then, the 
half-wave retarder and focusing lens are put into place. 
Proper alignment is maintained by subsequent fine adjust-
ment of the steering mirror after positioning each optical 
component. After the beam has been aligned the pinholes 
are removed. Next, the polarizing beam splitter cube is 
positioned in the beam path to produce the sample and ref-
erence beams, followed by the mechanical chopper. The two 
beams are steered with the sample and reference steering 
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mirrors such that they remain parallel to each other as 
well as in proper position to be alternately chopped. 
At this point, the sample and reference cuvettes 
are introduced into the configuration. The rotoreflection 
arrangement requires that these two components be placed at 
the laser waist. In order to insure that the cuvettes are 
properly positioned 
First, the reference 
the following procedure is 
beam is blocked. Then the 
used. 
sample 
beam, modulated at approximately 60 Hz, is centered onto 
the fiber optic limiting aperture positioned in the far 
field. The sample cuvette is filled with a solution of 
I2/CCl4 (1. 6x10- 6 M) or cobalt complex/MeOH (1. 5xlo-4 M). 
Starting at a point before the laser waist the sample cu-
vette is translated along the beam path until a thermal 
lens transient is no longer observed on the oscilloscope. 
This point is taken as the laser waist and the sample cu-
ve tte is fastened to the breadboard. The procedure is 
repeated to position the reference cuvette. 
Once the sample and reference cuvettes are properly 
positioned they are filled with solvent (CCl4, MeOH, or 
The intensities of the two beams are then balanced 
by rotating the half-wave plate. The power meter is used 
to monitor each beam's intensity. Then the quarter-wave 
mirror couples are positioned into the configuration such 
that the sample-to-mirror distance is 3 cm. The quarter-
wave retarders are oriented approximately 45 degrees with 
57 
respect to the incident beam polarization to provide maxi-
mum rotoreflection. Coaxial alignment of the forward and 
rotoreflected beams is accomplished by positioning a pin-
hole between the sample/reference cuvette and the polariz-
ing beam splitter. The pinhole is adjusted for maximum 
forward throughput. Then the rotoreflected beam is ad-
justed using the fine positioning knobs on the quarter-
wave/mirror mounts, for maximum transmission back through 
the pinhole. 
Finally, the rotoreflected sample and reference 
"probe" beams are recombined and spatially isolated from 
their respective "pump" beams by the polarizing beamsplit-
ter. The 
aperture 
emerging beam is centered onto the fiber optic 
in order to facilitate signal processing of the 
modulated differential response. 
Recording of oscilloscope tracings of modulated transients. 
The sample and reference cuvettes are filled with CCl4. A 
modulated sample beam transient is obtained by blocking the 
reference beam. Similarly, blocking the sample beam allows 
for a reference modulated transient to be acquired. A 
signal representative of 
obtained by unblocking 
l2/CCl4 (7.4xlo-6 M) is 
only solvent in the cuvettes is 
both beams. Then a solution of 
introduced into the sample cuvette 
to obtain the modulated transient signal characteristic of 
an absorbing species. All transients are collected and 
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stored on a digital storage oscilloscope and plotted on an 
x-Y recorder. 
~tection limit studies. The chosen solvent (CCl4, H20 1 or 
MeOH) is placed in both cuvettes. Output from the lock-in 
amplifier is recorded on a stripchart recorder until a 
stable baseline is achieved. Then the sample cuvette is 
filled with a solution having a known concentration of 
absorbing 
amplifier 
species. Again, 
is recorded until 
the output from the lock- in 
a stable signal is obtained. 
The difference between the solvent baseline and sample 
response is taken as a measure of the sample solution ab-
sorbance. The limit of detection is calculated as the 
signal observable at twice the magnitude of the baseline 
noise. 
Comparison between the steady state thermal lens magnitude 
produced with the double-beam system and the thermal lens 
magnitude produced with the single-beam rotoreflection 
system. Three types of beam center intensity measurements 
are recorded using a solution of cobalt complex in methanol 
(2.4xlo-5 M). First, the magnitude of the thermal lens 
produced in the single-beam case under continuous illumina-
tion, I(~), is measured. The sample beam quarter-wave/mir-
ror couple is removed and replaced by the fiber optic aper-
ture in the far field. Then a value for I(~) is obtained 
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by measuring, off the oscilloscope, the height of the DC 
signal produced by an unmodulated sample beam. 
Next, the initial beam center intensity, I(O), is 
measured. The chopper is turned on for a few seconds and 
then turned off and I (0) is measured directly from the 
oscilloscope during the final rotations of the chopper 
blade. Lastly, the strength of the steady- state thermal 
lens, I(ss), formed with high frequency modulation is ob-
tained by measuring the height of the waveform produced by 
chopping the sample beam at 1.5 kHz. Twenty measurements 
of each beam center intensity type are measured. Using the 
average measurement of each beam center intensity type, the 
percentage of the maximum thermal lens strength, %MTLS 
(obtainable with the single-beam system under continuous 
illumination) observed with the double-beam system using 
high frequency modulation was calculated using the follow-
ing equation: 
%MTLS { -!~9~_:_!~~~~-} x 100 I(O) - l(ex>) (15) 
Linearity study. Standard solutions of iodine in CCl4 are 
prepared at molar concentrations of 2.4x10· 6 , 4.8xlo- 6 , 
7.2xlo-6, and 9.6x10-6. The sample and reference cuvettes 
are replaced with one millimeter path length flow cells in 
order to facilitate easier solution transfer. Starting 
with the least concentrated solution, differential thermal 
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lens measurements of each I2/CCl4 solution are made with 
ccl4 in the reference flow cell. Three runs of the 
standard series are made. Sample response versus concen-
tration is plotted followed by a linear regression analysis 
of the data. 
Common mode response study. Each of the above standards 
are introduced into the sample and reference flow cells. 
The common mode response is recorded on a strip chart re-
corder and compared to the response obtained with CCl4 in 
both flow cells. 
Extinction coefficient determinations. Extinction coef-
ficients for [Co(en)2C03]Cl04 in water and methanol at a 
wavelength of 514.5 nm are determined experimentally. Ali-
quots of the l.Oxlo-3 M aqueous cobalt complex solution are 
diluted with high purity water to form working standards 
having molar concentrations of l.Oxlo-4, 2.0xlo-4, 
3.0xlo-4, and 5.lxlo-4. The stock solution is also used as 
a working standard. 
A 0.0245 g sample of the cobalt complex is dis-
solved and quantitatively diluted to 100 mL with HPLC grade 
methanol. Aliquots of this stock solution are diluted with 
methanol to form working standards having molar concentra-
tions of 1.0xlo-4, 2.lxlo-4, 3.lxlo-4, 4.2xlo-4, and 
5.2x10-4. 
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Triplicate absorbance readings of each working 
standard are measured on a double-beam spectrophotometer 
(Perkin Elmer, Coleman Model 5274). The spectrophotometer 
is calibrated using a 632.8 nm interference filter. Linear 
regression analysis is used to calculate the extinction 
coefficient of the cobalt complex in water and methanol at 
the designated wavelength. A value of 860 Lmol -lcm-1 for 
the extinction coefficient of I2/CCl4 is adapted from the 
literature (81). 
RESULTS AND DISCUSSION 
Figure S demonstrates the operating principlE;?s of 
the rotoreflective double-beam spectrometer by illustrating 
four types of modulated transient signals recorded with it 
at a chopping frequency of 1. S kHz. With CCl4, a low ab-
sorbing solvent, in both cuvettes sample and reference 
square waves (tracings Sa and Sb) are recorded by blocking 
one of the beams from the detector. Note that the sample 
and reference square waves are 180° out of phase which is 
expected if the two beams are properly aligned. Allowing 
both beams to strike the detector produces the transient 
illustrated in Figure Sc. Rotating the half-wave retarder 
to equalize the sample and reference square wave heights 
produces a null signal at the lock-in amplifier. This 
allows for automatic cancellation of the thermal lens sig-
nal produced by the solvent in both cuvettes. Ideally, 
with the system properly nulled Figure Sd should be a hori-
zontal line; however, negative 
intervals throughout the signal. 
spikes appear at regular 
These spikes are a conse-
quence of the duty cycle of the chopper being only 42%. A 
more precisely cut chopper blade should give a duty cycle 
which approaches SO% thus alleviating the negative spikes. 
Initial observation of the transient indicates that the 
negative spikes are a potential noise source. However, 
closer inspection of the transient reveals that the spikes 
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Figure 5. 
0.28 
ms 
0.39 
ms 
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Oscilloscope tracings of the modulated transient 
signals obtained with (a) CCl4 in sample cuvette 
and reference beam blocked, (b) CCl4 in 
reference cuvette and sample beam blocked, 
(c) CCl4 in both cuvettes and no beam blocked, 
and (d) sample cuvette containing 7.4xlo-6M 
I2/CCl4 solution and reference containing only 
CCl4. 
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occur at twice the modulation frequency. Since a narrow 
bandpass filter installed in the lock-in amplifier only 
allows signals modulated at 1.5 kHz to pass, the signal 
component generated by the negative spikes at 3.0 kHz is 
filtered out at the lock-in amplification stage. Thus, the 
presence of the negative spikes is not detrimental to the 
desired signal. 
Introduction of a 7.4x10-6 M I2/CCl4 solution into 
the sample cuvette produces the signal transient observed 
in Figure Sd. A decrease in the sample portion of the 
signal reflects the stronger steady-state thermal lens 
formed in the sample cuvette due to absorption by I2. If 
the negative spikes are ignored then the transient is seen 
as a modulated differential response which is generated as 
a consequence of the difference between thermal lens mag-
nitudes in the two cuvettes. Thus, the signal observed at 
the lock- in amplifier is only indicative of the analyte 
concentration present in the sample cuvette and is free of 
signal component due to solvent absorbance. 
Since the magnitude of the beam center intensity 
change determines the sensitivity of the double-beam con-
figuration it is necessary to compare the strength of the 
steady state thermal lens formed at high modulation fre-
quency to that produced with continuous excitation. The 
results of this experiment are illustrated in Figure 6. 
This figure depicts the time dependent thermal lens signals 
produced by the 
under continuous 
double-beam case 
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rotoreflected single-beam configuration 
illumination, curve a, and that for the 
at a modulation frequency of 1. 5 kHz, 
curve b. The strongest possible thermal lens formed, 
Ibc(co), is normalized to L\I=l.O. Figure 6 demonstrates 
that the steady state thermal lens strength formed at a 
modulation frequency of 1. 5 kHz corresponds to one- third 
the magnitude of the strongest possible thermal lens. 
Presently, 1.5 kHz is the fastest chopping frequency avail-
able in our laboratory. Thus, in order to increase the 
sensitivity of the double-beam system employment of a modu-
lation frequency greater than 1.5 kHz is necessary in order 
to obtain a steady state thermal lens whose strength ap-
proaches that at Ibc-(co). However, the steady state ther-
mal lens magnitude is controlled by the amount of power 
delivered to the sample which, in turn is limited by the 
chopper duty cycle. Hence, a mechanical chopper which 
combines a high duty cycle and a modulation frequency grea-
ter than 1.5 kHz should produce a steady state thermal lens 
strength greater than 30% of that produced in the single-
beam system under continuous illumination. 
The analytical detection limits, in terms of mini-
mum measurable absorbance and concentration, obtained with 
the double-beam configuration, are presented in Table 1. 
Three solvent systems were studied: Co(III)/H20, 
lbc(o) 
0 
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Table 1. Analytical Results of Detection Limits and 
Minimum Measurable Absorbances 
Solution Molara Detectionb Minimum 
System Absorptivity Limit Measurable 
(M-lcm-1) (M) Absorbance 
Co(III) complexc/H20 94 2 x lo-6 2 x lo- 4 
Co(III) complex/MeOH 97 4 x lo-7 4 x lo- 4 
I2/CCl4 860 1 x lo-8 9 x lo-6 
a b c 
At 514.5 nm at S/N - 2 Co(en)2Co3+ 
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Co(III)/MeOH, and I2/CCl4. As expected the I2/CCl4 system 
gave the lowest detection limit owing to the superior ther-
mo-optical properties of CCl4 compared to water and meth-
anol. The minimum measurable absorbance obtained in 
methanol compares well 
sx10- 6 
with that obtained by Winefordner 
and Teramae, 
photodifferential 
AU, using their 
configuration ( 27). 
double-beam 
However, the 
detection limit obtained in carbon tetrachloride is 14 
times greater 
6.3xlo- 7 AU, 
than that 
with 
spectrometer (~4). 
measured by Dovichi and Harris, 
their single-beam differential 
In order to account for the marginal detection 
limits observed with the rotoreflected double-beam con-
figuration it is necessary to discuss the possible sources 
of noise inherent in the instrumental design. First, from 
a qualitative stand point, the double-beam system is opti-
cally more complicated than the Dovichi and Harris con-
figuration. This requires a much tighter control over 
positioning the optical elements in order to achieve proper 
beam alignment. Due to the increased number of optical 
components chances for alignment error, which translates 
into added background noise, are enhanced. 
Furthermore, by examining the equation which des -
cribes the differential signal, it becomes clearer how a 
power imbalance between the sample and reference beams can 
produce a measurement at the lock-in amplification stage 
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which does not solely represent the difference in sample 
and reference absorbance. If there is a power offset be-
tween the sample and reference beams then the differential 
signal is described by the following equation: 
~I - -2.303E[AsAI 0 + 2.303I 0 As6A + AAI 0 ] + AI(O) (16) 
where 
initial laser power 
Io s - Io r 
' ' 
AI(O) 
6A 
with 1 0 ,s - sample beam center intensity before entering 
the cuvette 
Io r 
' 
reference beam center intensity before entering 
the cuvette 
Is(O) - sample beam center intensity immediately after 
exiting the cuvette (t - 0) 
Ir(O) - reference beam center intensity immediately 
after exiting the cuvette (t = 0) 
As sample absorbance 
Ar reference absorbance 
Refer to Appendix I for the derivation of this equation. 
Equation 16 demonstrates that if an offset is present, then 
AI 0 and AI(O) contribute to the lock-in signal as well as 
6A and could explain why only marginal detection limits are 
observed with the current system. 
If no offset occurs between the sample and refer-
ence beams then AI 0 -0 and 61(0)=0 and equation 16 reduces 
to: 
Ill = 2.303EI 0 .llA 
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( 17) 
in which the lock-in signal is only a function of the ab-
sorbance difference between the sample and reference cuvet-
tes (See Appendix I). 
Second, a source of noise was found to be due to 
the mechanical chopper employed. Using a modulation fre-
quency of 1.5 kHz required the chopper to operate at its 
upper frequency limit which imposed substantial vibration 
throughout the optical configuration. This vibration coup-
led with imperfections in the chopping blade contributed a 
phase jitter noise component of approximately 10% of the 
chopper "on time". The phase jitter was seen visually on 
the oscilloscope screen by observing rapid horizontal shak-
ing of the signal square wave. Vibrations present in the 
optical system could be eliminated by employing a better 
quality chopper and mounting the entire configuration on a 
vibration free optical table. 
Third, Buffett and Morris have shown that the sig-
nal-to-noise ratio for a dual-beam configuration is severe-
ly degraded when a low pump:probe power ratio is maintained 
(46). Typical dual-laser pump/probe thermal lens spectro-
meters use a pump laser power on the order of hundreds of 
milliwatts with a HeNe probe laser on the order of 2-3 
milliwatts, resulting in high pump/probe power ratios at 
the sample. On the other hand, in a single-laser dual-beam 
configuration, a high pump:probe power ratio is not in-
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herent since the same laser serves as the source for both 
beams. If a high pump:probe power ratio is desired in this 
situation then it must be created by employing a beam spli-
tter which creates two beams of unequal intensity or by 
attenuating that portion of the beam designated as the 
probe before it enters the sample cell. The rotoreflected 
double-beam system is a variation on the single-laser dual-
beam thermal lens spectrometer and presently is not con-
figured to induce a high pump:probe power ratio. However, 
it can easily be altered to achieve a high pump:probe power 
ratio through attenuation of the rotoreflected probe beams 
by locating identical neutral density filters between the 
quarter-wave/mirror couples and the cuvettes. The optical 
density of the filters would be chosen in order to create a 
pump:probe power ratio on the order of that used in a typi-
cal dual-laser pump/probe thermal lens spectrometer. Con-
sequently, an improvement in the detection limits for the 
system may be observed. 
The differential and common mode responses of the 
rotoreflected double-beam system are presented in Table 2. 
The differential responses, obtained by measuring a series 
of standards against a solvent, were linear with concentra-
tion from the detection limit up to 9.6xlo-6 M, with a cor-
relation coefficient of 0. 986. Ideally, the common mode 
response for each standard should be 0. 0 mv, however the 
data indicates a slight signal is observed for each stan-
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Table 2. Differential and Common Mode Responses. 
Concentrationa 
(M) 
Solvent 
2.4x10-6 
4.8xlo-6 
7.2xlo-6 
9.6xlo- 6 
Differential Common-Mode 
Response Response 
(mv) (mv) 
o.ooob o.oob 
0.067 0.05 
0.193 0.03 
0.363 0.06 
0.453 0.04 
b Designated reference point. 
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dard solution. This signal originates from a laser power 
imbalance between the sample and reference channels which 
is brought about by uncertainties in beam alignment and an 
optics mismatch. 
The optics mismatch originates from the polarizing 
beam splitter cube because it has different extinction 
ratios for vertically and 
Vertically polarized light 
horizontally polarized light. 
is reflected by the cube while 
horizontally polarized light is transmitted with respective 
extinction ratios of lo-3 and 500. Simply stated, for 
every 1000 photons of vertically polarized light that en-
ters the beam splitter one will not be reflected. Simi-
larly, for every 1000 photons of horizontally polarized 
light entering the cube two will not be transmitted. Thus, 
when the laser beam is split by the beam splitter cube the 
emergent sample and reference pump beams are not equal. 
Balancing the intensity of these two beams is accomplished 
through appropriate rotation of the half-wave retarder. On 
the contrary, when the rotoreflected probe beams recombine 
there is no mechanism available to compensate for the in-
tensity imbalance created by their second pass through the 
cube. Thus, a slight intensity imbalance between the sam-
ple and reference beams is sensed by the detector which is 
reflected in the common mode response. Nevertheless, des-
pite the power imbalance caused by alignment uncertainties 
and the optics mismatch, the marginal chopper quality and 
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the less than optimum chopping frequency the noise level 
remains fairly constant over the common mode concentration 
range which indicates that the system is fairly resistant 
to background fluctuations due to concentration change. 
To i 11 us tra te the advantages of the ro torefl ec ted 
double-beam thermal lens spectrometer a comparison between 
it and the differential spectrometer of Dovichi and Harris 
and the dual- laser double- beam photodifferential spectro-
meter of Teramae and Winefordner is in order. Unlike the 
Dovichi and Harr is set- up, the ro toreflec ti ve and dual -
laser configurations allow for the sample to be positioned 
at the laser waist creating the strongest possible thermal 
lens. In addition, the rotoreflective arrangement also 
places the sample at the optimum probing distance, thus 
offering the greatest sensitivity possible of the three 
configurations. 
Although optically more simple, the Dovichi and 
Harris set-up has one major constraint. In order for the 
beam divergence to respond linearly to absorbance in both 
cells, their configuration requires that the thermal lenses 
formed in both cuvettes have focal lengths longer than the 
confocal distance. This requirement is necessary so that 
the focal length of the thermal lens formed in the cuvette 
between the focusing lens and the beam waist has negligible 
effect on the spot size of the laser beam in the cuvette 
after the waist. A focusing lens having a long focal 
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length is needed in order to satisfy this condition. How-
ever, the use of long focal length lenses lowers the dy-
namic range of the Dovichi and Harris arrangement, since 
greater values of LlI/I are obtained with shorter focal 
length lenses. No restriction is placed on the rotoreflec-
tive double-beam focussing lens focal length since separate 
beams are used for the sample and reference cuvettes, thus 
theoretically, dynamic range is not compromised. 
The principle difference between the rotoreflective 
and dual-laser photodifferential spectrometers is that the 
former uses a single laser which eliminates pointing errors 
and alignment complexities inherent with two laser systems. 
More importantly, a differential response is achieved by 
different means in both configurations. The photodifferen-
tial set-up accomplishes background correction by electron-
ically subtracting sample and reference signals, whereas in 
the rotoreflective system a differential response is achie-
ved through high frequency and alternate modulation of the 
sample and reference beams. The differential response is 
produced in real time which eliminates the need for ancil-
lary electronics to create it. 
CONCLUSIONS 
A unique double-beam thermal lens spectrometer has 
been developed which possesses a number of attributes in-
nate to an ideal thermal lens spectrometer. These include: 
1. Use of a single laser which eliminates alignment 
difficulties and pointing error associated with 
dual-laser configurations. 
2. Incorporation of the rotoreflective concept 
which allows for the sample to be placed at the 
laser focal point to produce the strongest pos-
sible thermal lens while probing at the optimum 
waist-to-sample distance for maximum sensitivi-
ty. 
3. Alternate high frequency modulation of the sam-
ple and reference beams producing a modulated 
differential response which allows for automatic 
subtraction of background absorbance through 
lock-in detection. 
4. The differential response is produced in real 
time eliminating the need for added electronics 
to create it. 
The strength of the steady state thermal lens prod-
uced with a modulation frequency of 1.5 kHz corresponded to 
only 30% of that produced with the single-beam rotoreflec-
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technique under continuous illumination. Using a 
higher modulation frequency and chopper with greater duty 
le should produce a stronger thermal lens therefore in-
cyc 
creasing the detection capability of the 
employing a higher quality chopper will 
induced vibrations. 
instrument. Also, 
diminish chopper-
The equation derived for the differential response 
indicated that if a power offset exists between the sample 
and reference beams then the lock-in response will not 
solely reflect the difference in absorption between the 
sample and reference cuvettes. A power imbalance between 
the sample and reference beams created by alignment uncer-
tainties most likely contributed to the observed marginal 
detection limits. 
Also, the common mode responses indicated good 
immunity to background fluctuations from concentration 
change despite the optics mismatch, marginal chopper used 
and the less than optimal modulation frequency. 
CHAPTER 3 
SIMULTANEOUS THERMAL LENS AND FLUORESCENCE DETECTION 
FOR LIQUID CHROMATOGRAPHY 
EXPERIMENTAL SECTION 
Apparatus 
A. Optical Configuration. Figure 7 illustrates an 
optical diagram for the liquid chromatography detector 
capable of detecting simultaneously in two modes: absorp-
tion via the thermal lens effect and fluorescence. All 
optical components are mounted on a 2 ft x 4 ft x 2 in 
optical breadboard (Newport Research Corporation, Model LS-
24) . The pump beam originates from an argon- ion laser, 
(Spectra Physics, Model 2030-15) and is composed of one of 
the following three wavelength combinations: 
1. Deep UV: 275.4, 305.5 nanometers, P=l00-310 mW 
2. Near UV: 334.0, 351.1, 363.8 nanometers, P=lOO mW-1 W 
3. 457.9 nanometers, P=l50, 700 mW. 
It is modulated by a mechanical chopper (Stanford Research 
Systems, Model SR540) operating at a chopping frequency of 
20 or 100 Hz. The chopper provides reference signals to 
lock-in amplifiers #l and #2 (EG&G Princeton Applied 
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Figure 7. Optical diagram of the HPLC dual detector: GP, 
chopper; M, mirror; OW, optical wedge; L, lens; 
F, filter; PMT, photomultiplier tube; FC, flow 
cell; A, limiting aperture; PD, photodiode. 
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Research Model 7424 M-T and Model 5208). When the UV lines 
are in use, an UV bandpass filter (Color Specification Num-
bers 7-54 and 7-60 for deep and near UV, respectively) is 
placed 
purity 
before 
of the 
the chopper 
pump beam. 
in order to maintain optical 
The probe beam consists of a 
helium neon laser, 632.8 nanometers, P=3 mW (Coherent, 
Model 
(Oriel, 
8 0) . A fused silica wedge angled beam-splitter 
Model 44870) which transmits UV light and reflects 
visible light is used to combine the pump and probe beams 
collinearly. The beams 
biconvex focussing lens 
ted on a translational 
then pass through a fused silica 
(Oriel, 200 mm focal length) moun-
stage such that the lens can be 
moved parallel to the beam direction. 
Next, the beam passes through a 0.5 mm x 0.5 mm 
square fused quartz capillary (Vitro Dynamics), which 
serves as the detector flow cell, placed at the appropriate 
distance beyond the focussing lens. The flow cell is con-
nected to the end of the column by a 5 cm x 0.005 in piece 
of stainless steel tubing. 
joins the flow ce 11 to the 
A small piece of tygon tubing 
end of the connecting tubing. 
The tygon tubing connection is sealed with cyanoacrylate 
polymer. The total volume from the end of the column to 
the point at which the laser beam probes the cell is ap-
proximately 4.4 µL. Each end of the capillary is inserted 
into a threaded polypropylene male tubing connector. The 
female tubing connector parts are screwed onto each end and 
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che flow cell is then fastened between the posts of a "goal 
post" variable lens holder (Newport Research Corporation, 
Model VLH-3) by clamping the tubing connectors between four 
aluminum strips. Use of the tubing connectors permits fine 
rotational movement of the flow cell. A post holder (New-
port Research Corporation, Model VPT-3) that allows for 
fine vertical movement is used to hold the mounted capil-
lary and the entire set-up is fastened to the optical 
breadboard on a translational stage such that the flow cell 
can be moved perpendicular to the beam direction. This 
flow cell is used to obtain all the simultaneous thermal 
lens/fluorescence chromatograms. A Kratos 1 mm pathlength, 
1.1 µL flow cell mounted on a tilt table (Newport, Model 
MM-2) is used to obtain all other thermal lens chromate-
grams. 
After exiting the flow cell the pump beam is 
blocked by positioning a red glass filter in the beam path. 
The transmitted probe beam is then centered onto a 1 mm 
diameter pinhole serving as a limiting aperture and then 
strikes a position sensitive photodetector (United Detector 
Technology, Model 301-DIV) operating in the sum mode. The 
amplified signal is demodulated by lock-in amplifier #l 
operating in the fundamental mode. 
Fluorescence emission emanating from the flow cell 
is collected 90 degrees from the excitation beam using a 
biconvex quartz lens, f/#=2. 1. The emission then passes 
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through one of the interference filter (Twardy Technology, 
rnc.) and colored glass filter combinations, described in 
Table 3' 
utilized. 
depending on which excitation wavelength is 
Emission amplification is accomplished with a 
RCA, IP28A photomultiplier tube operating at an applied 
voltage between -900 and -1000 V. The photomultiplier tube 
is positioned such that an image of the flow cell fills the 
PMT aperture in order to illuminate as great an area pos-
sible of the photocathode. The fluorescence signal is then 
demodulated by lock-in amplifier #2 operating in the fun-
damental mode with a time constant of 1 s. A light tight 
box encloses the photomultiplier tube, collection optics 
and flow cell. 
Outputs from the lock-in amplifiers are recorded on 
a dual channel strip chart recorder (Cole-Parmer, Model 
8373-20). Laser beam power is measured with a power meter 
(Scientech, Model 360203). 
B. Liquid Chromatography Equipment. Microbore 
separations are performed on a 250 mm x 1 mm i .d. column 
(Alltech) packed with 5 µm octadecylsilane. A Beckman 
Model 114M single piston pump regulates the mobile phase 
delivery while sample injection volumes of 1 µL are deli-
vered to the column with a Rheodyne Model 7520 microbore 
injector. Unless otherwise stated all microbore chromato-
grams are obtained using a mobile phase flow rate of 30 
µL/min. The polynuclear aromatic hydrocarbon (PAH) stan-
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Table 3. Bandpass and Glass Filter Combinations Used To 
Isolate Fluorescence Emission. 
Excitation Interference Filter Colored Glass * 
Wavelength (nm) Bandpass Center (nm) Filters 
275.4, 305.5 450 ± 70 GG-400, CS: 4-96, 
CS: 3-73 ( 2) 
334.0, 351.l, 363.8 500 ± 70 GG-420, CS: 4-96, 
CS: 3-73 ( 2) 
457.9 550 ± 70 GG-495, CS: 4-96 
* Colored glass filters are designated by their Color 
Specification (CS) Number or their Schott Glass Number. 
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dard mixture and the solvent refined coal (SRC II) neutral 
pAH fraction are separated using a mobile phase of 100% 
methanol. A mixture mobile phase of methanol/water is used 
to separate the pharmaceutical and substituted benzene 
mixtures at respective volume ratios of 70:30 and 60:40. 
c. Spectrophotometers and Fluorimeter. Absorption 
spectra are obtained using a Perkin Elmer Coleman 575 spec-
trophotometer. Transmittance spectra of interference and 
glass cutoff filters are recorded with a IBM 9420 UV-Vis-
ible spectrophotometer. A Perkin Elmer LS-5 spectrofluori-
meter is used to record emission spectra of the SRC II 
neutral PAH fraction and selected individual PAH's. 
Reagents 
Al 1 chemic al s are reagent grade quality and used 
without further purification and all solvents are HPLC 
grade. High purity water is obtained from a Syron/Barn-
stead, Nanopure II System. Chemicals and solvents used in 
this study are listed in Table 4. The commercial standard 
PAH mixture contains each of the following compounds at a 
concentration of 0.5 
fluoranthene, pyrene, 
chrysene, benzo[e]pyrene, 
mg/mL: phenanthrene, anthracene, 
triphenylene, benzo[a]anthracene, 
perylene and benzo[a]pyrene. Ap-
propriate working standards are prepared from it by dilu-
tion with methanol. Individual PAH standards are prepared 
in methanol. Minimum amounts of toluene are used to aid 
dissolution of some PAH's. 
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Table 4. Chemicals and Solvents Used For the Microbore 
Dual HPLC Detector 
Chemical/Solvent Source 
Tetrahydrofuran 
Benzene 
Aldrich Chemical Co. 
Hexane 
Chloroform 
Q.-nitroaniline 
Aluminum oxide 
Fluoranthene 
Chrysene 
Triphenylene 
Perylene 
Benzo[a]pyrene 
Benzo[e]pyrene 
Theophylline 
Caffeine 
4-Acetamidophenol (acetaminophen) 
~-Acetophenetidide (phenacetin) 
Acetylsalicylic acid 
Standard polynuclear aromatic 
hydrocarbon mixture 
Benzo[a]anthracene 
Nitrobenzene 
Anisole 
Acetophenone 
Pyrene 
Anthracene 
Phenol 
Phenanthrene 
Supelco 
Fisher 
Kodak 
Mallinckrodt 
Dr. Yen Yang 
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The substituted benzene mixture is prepared by 
diluting aliquots of toluene, benzaldehyde, acetophenone, 
anisole, nitrobenzene and phenol with methanol to form 
stock and working standard solutions. 
Individual stock solutions of theophylline, caf-
feine, acetylsalicylic acid, 4-acetamidophenol (acetamino-
phen) and p-acetophenetidide (phenacetin) are prepared by 
dissolving appropriate weights of each compound in methan-
ol. Aliquots of each stock solution are diluted with meth-
anol to form the pharmaceutical mixture. 
The SRC II heavy distillate is obtained from the 
National Bureau of Standards in Bethesda, Maryland. 
Procedures 
Collinear alignment of the pump and probe beams (Refer to 
Figure 7) . First, the flow cell and Ms are removed from 
the configuration. Then, collinear alignment of the pump 
and probe beams is accomplished by observing their spots on 
targets positioned in the far-field at two different points 
outside the optical path. The first target is placed at a 
point several feet beyond the position of Ms. The second 
target is placed such that the spots created by the "wedge 
transmitted" HeNe and "wedge reflected" UV beams can be 
observed. Alignment of the beams is achieved by keeping 
the pump beam stationary while the probe beam is manipu-
lated by adjusting the fine positioning controls on the 
optical wedge and M2 mirror mounts. When the pump and 
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probe beam spots at both far-field points appear to be per-
fectly overlapped the beams are taken to be aligned col-
linearly. In addition, the alignment is checked by placing 
a stationary mounted, thin piece of paper in the optical 
path approximately where the flow cell is to be positioned. 
If the HeNe probe beam travels cleanly through the hole 
burned by the pump beam then no further adjustments are 
made. Next, the flow cell and Ms are put back into posi-
tion and the peak due to an eluting component is recorded. 
Fine adjustment of the probe beam positioning mirrors are 
made until the peak height is maximized. At this point the 
beams are considered to be aligned and no further adjust-
ments are made. It is necessary to perform this procedure 
daily due to the argon-ion laser's pointing instability. 
Determination of Zopt for a 200 mm focal length lens. Fig-
ure 8 illustrates an optical diagram for the single-beam 
configuration used to determine Zopt, the lens to sample 
cell distance which would produce the greatest thermal lens 
signal. Output (442 nm, P=lO mW) from a HeCd laser (Licon-
ix, Model 4210NB) is modulated at 80 Hz by a mechanical 
chopper and passed through an achromatic biconvex lens 
(Oriel, f=200 mm) followed by a 1 cm quartz cuvette. The 
focussing lens is mounted on a translational stage which 
allows the lens to be moved parallel to the laser beam 
direction. After passing through a sample cell filled with 
3.5xlo-6M Q-nitroaniline, the beam is centered on a limit-
HeCd LASER 
Figure 8. 
CP 
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A PD 
Optical configuration for Zopt determination: 
GP; chopper, M; mirror, L; lens mounted on 
translational stage, C; sample cuvette, A; 
aperture, PD; photodiode, OS; oscilloscope. 
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ing aperture followed by a photodiode. The sample cuvette 
is positioned 
focal point. 
in the beam path at a point beyond the lens 
Signals from the photodiode are fed directly 
into a digital storage oscilloscope (Nicolet, Model 4094A). 
The focussing lens is moved at 1 mm increments 
along the beam path. At each position the thermal lens 
transient was averaged for one minute and stored by the 
oscilloscope. Measurements of 1(0) and I(t) are read di-
rectly from the oscilloscope screen. The thermal lens 
signal, [I(o)-I(t)]/I(t), at each lens position are calcu-
lated and plotted against the lens to sample cuvette dis-
tance. The maximum of the resulting curve is taken as 
Zopt· 
Thermal Lens Response Linearity Study. Standard solutions 
of benzo[a]anthracene in methanol are prepared at molar 
concentrations ranging from 7.Sxlo-6 to 2.4xlo-4. Starting 
with the least concentrated solution, triplicate injections 
of each standard are made. Deep UV detection is used at a 
power of 115 mW. The benzo[a]anthracene peak height is 
plotted as a function of concentration and the data is sub-
jected to linear regression analysis. Five linearity stud-
ies are done on different days and the results compared in 
Figure 21. The Kratos flow cell is used for the study. 
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isolation of the PAH fraction from solvent refined coal. 
The PAH fraction from a sample of solvent refined coal 
(SRC-II, National Bureau of Standards) is isolated using 
the procedure developed by 
vassilaros et al. (82). First, a 20 cm x 1.1 cm i.d. glass 
column filled with hexane is slurry packed with 6 g of alu-
minum oxide (neutral, activated, mesh 200). Then, 0.28 g 
of the SRC-II sample is dissolved in chloroform and ad-
sorbed onto 3.5 g of alumina. The chloroform is evaporated 
under a gentle stream of nitrogen and the adsorbed sample 
is dry packed onto the top of the alumina column. A 25 mL 
aliquot of hexane is then used to e 1 u te the hydrocarbon 
fraction from the adsorbed sample. This fraction is dis-
carded. Next, the PAH fraction is eluted with 50 mL of 
benzene and collected in a 100 mL round bottom flask. The 
benzene is rotary evaporated and the remaining residue is 
dissolved with the aid of sonication and diluted to 25 mL 
with methanol. 
Emission spectra of the SRC II neutral PAH fraction. Em is -
sion spectra of the SRC II neutral PAH fraction diluted 
with methanol/water (80:20, v/v) are recorded between the 
ranges of 300-530 nm and 320-540 nm using respective ex-
citation wavelengths of 275 and 306 nm. 
!:le th a no 1 and methanol/water Raman shift determination. 
Emission spectra of methanol and a methanol/water solution 
91 
(S0:20) are recorded between the ranges of 290-530 nm and 
300-530 nm using respective excitation wavelengths of 275 
nm and 290 nm. An excitation wavelength of 306 nm is also 
used to record the emission spectrum of the methanol/water 
solution between 320 and 540 nm. Peaks due to Raman scat-
tering are identified by noting peaks which maintain a 
constant wavelength shift when the excitation wavelength is 
changed. 
RESULTS AND DISCUSSION 
Jl_ual detector optimization. Before simultaneous thermal 
lens/fluorescence chromatograms can be recorded the dual 
detector must be optimized with respect to the proper flow 
cell position for obtaining maximum thermal lens response 
plus selection of appropriate optical windows for gathering 
fluorescence emission while eliminating scatter from mobile 
phase Raman emission and extraneous source excitation. 
Unlike conventional HPLC absorption detectors 
location of the flow cell in a thermal lens detector is 
critical if maximum sensitivity is desired. Thermal lens 
theory predicts that maximum response occurs at a distance 
zopt along the beam path before and after the pump beam 
waist. Accordingly, the detector flow cell can be placed 
at either of these positions for optimum thermal lens 
response. Due to size constraints imposed by the optics 
the capillary flow cell is positioned at Zopt after the 
beam waist. Figure 9 illustrates the results obtained for 
determining Zopt after the beam waist for a 200 mm focal 
length lens. Each point represents the average of two 
thermal lens measurements t.I/I, plotted as a function of 
sample to lens distance z, while the solid curve represents 
a least squares fit of the data (83). This curve indicates 
that the focal point of the lens is 20.0 cm since no 
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Thermal lens response 
beyond a 200 mm focal 
as a function of 
length lens. 
distance 
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thermal lens response is observed at this value of z. 
Also, the curve maximum indicates that the greatest thermal 
lens response should be realized if the flow cell is posi-
tioned 22.5 cm after the focussing lens meaning that Zopt 
equals 2.5 cm. 
After incorporating the flow cell into the optical 
configuration at Zopt and attaching the microbore column 
the flow cell position is "fine tuned". This is accomplis-
hed by using fine increments to change z, through movement 
of the focussing lens closer or further away from the flow 
cell, until the peak height produced by an absorbing spe-
cies eluting off the column is a maximum. The greatest 
peak height recorded occurs at z equal to 22.5 cm corre-
sponding to the value of Zopt = 2.5 cm determined above. 
Once the flow cell position and pump/probe align-
ment are optimized thermal lens detection of components 
eluting from the microbore column can proceed. Figure 10 
illustrates a thermal lens chromatogram of the standard PAH 
mixture obtained with the deep UV laser line (P = 100 mW) 
and the Kratos flow cell. Each peak corresponds to 20 ng 
of injected component. Peak identities are assigned by 
matching retention times with individually injected stan-
dards and by observing relative peak height changes when 
the standard is spiked with a known compound. Peak assign-
ments and component retention times are listed in Table 5. 
In addition to the compounds listed in Table 5 the PAH 
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Figure 10. Deep UV thermal lens chromatogram of the stan-
dard PAH mixture. Mobile phase: methanol 
(100%), flow rate: 30 µL/min, 20 ng of each 
component injected, P=lOO mW. 
96 
Table 5. Deep UV Thermal Lens Chromatogram Peak 
Assignments and Retention Times for the 
Standard PAH Mixture Separation 
Peak No. Compound Retention Time 
(min) 
1 toluene (solvent) 5.4 
2 phenanthrene/ 7.3 
anthracene 
3 fluoranthene 8.3 
4 pyrene 9.0 
5 triphenylene 9.6 
6 benzo[a]anthracene 10.l 
7 chrysene 10.5 
8 benzo[e]pyrene 13.7 
9 benzo[a]pyrene 15.8 
97 
standard mixture also contains anthracene and perylene. 
Anthracene and phenanthrene coelute using the given chroma-
tographic conditions whereas perylene does not produce a 
detectable thermal lens signal at the chosen wavelength. 
Note that the peaks in Figure 10 are very sharp and except 
for benzo[a]anthracene and chrysene baseline resolution is 
achieved for all detected components. Given the complexity 
of the mixture and that the separation is performed isocra-
tically without a mixed solvent mobile phase such resolu-
tion is outstanding compared to results obtained on an 
analytical column. To achieve comparable resolution on a 
reverse phase analytical column requires, upon injection, 
starting with a water/acetonitrile (35:65) mixed mobile 
phase for 2 minutes followed by a linear gradient to 100% 
acetonitrile (84). Clearly, the microbore system is the 
system of choice for performing this type of separation. 
In addition, the components elute from the column 
according to the number of aromatic rings they possess; the 
smaller compounds eluting before the larger ones. Since 
the mixture is composed of compounds containing from one to 
five aromatic rings it can be used as a standard to ascer-
tain the relative ring composition of a unknown mixture of 
neutral PAH' s provided that the standard and unknown are 
separated using identical chromatographic conditions. 
Figure 10 indicates that single membered rings start elut-
ing at approximately 5 minutes followed by three membered 
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rings at 7 minutes, four membered rings between 8 and 11 
minutes, and five membered rings between 14 and 16 minutes. 
Figure 11 illustrates a separation of the standard 
pAH mixture done under identical conditions as that shown 
in Figure 10 except the near UV laser line is used at a 
of 600 mW. Each peak represents 2 ng of injected 
component. Peak assignment and component retention times 
are listed in Table 6. The most noticeable difference 
between the two chromatograms is their appearance. The 
relative peak heights for the eluting components produced 
with deep UV excitation are different from those recorded 
with near UV excitation. Specifically, in the near UV 
chromatogram the triphenylene and toluene peaks have disap-
peared and the intensities of chrysene, benzo[a]anthracene 
and benzo[e]pyrene peaks have decreased to barely above the 
baseline noise. Also, a peak corresponding to perylene 
appears between the benzo[e]- and benzo[a]pyrene peaks in 
the near UV chromatogram. This illustrates an obvious 
advantage to obtaining mixture chromatograms at more than 
one excitation wavelength in that most likely not all com-
ponents of the mixture produce thermal lens signals at a 
single laser line. More than one wavelength should be use 
so that the most complete profile of the mixture can be 
obtained. 
At this point the differences between the relative 
peak heights between the two chromatograms can be explained 
Figure 11. 
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Near UV thermal lens chromatogram of the 
standard PAH mixture. Mobile phase: methanol 
(100%), flow rate: 30 µL/min, 2 ng of each 
component injected, P=600 mW. 
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Table 6. Near UV Thermal Lens Chromatogram Peak 
Assignments and Retention Times for the 
Standard PAH Mixture Separation 
Peak No. Compound Retention Time 
(min) 
1 phenanthrene 8.0 
2 fluoranthene 8.8 
3 pyrene 9.5 
4 benzo[a]anthracene 10.6 
5 chrysene 10.9 
6 benzo[e]pyrene 14.7 
7 perylene 15.2 
8 benzo[a]pyrene 16.8 
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bY tWO possible reasons. First, for any component in the 
mixture, if only non-radiative relaxation is taking place 
then the relative difference in its peak height between the 
two chromatograms reflects the difference in extinction 
coefficients the component possesses for the deep and near 
UV laser lines. However, if a component fluoresces as well 
as produces a thermal lens then the relative peak height 
difference between the two chromatograms represents the 
differences in Qf and 1-Qf (see equations 17 and 18, page 
48) the component has for the two laser lines in addition 
to the dissimilar extinction coefficients. In order to 
distinguish which case is relevant a fluorescence chromato-
gram should be obtained along with the thermal lens pro -
file. This will be elaborated upon when the simultaneous 
thermal lens/fluorescence chromatograms are discussed. 
The other notable difference between the two chro-
matograms is the non-uniformity in retention times between 
like components. This discrepancy can arise from mobile 
phase flow rate drift, an unequilibrated column, or a faul-
ty recorder chart drive. The later is suspect since flue-
tuations in column back pressure are not observed and the 
column is allowed to equilibrate at the desired flow rate 
for up to two hours before any injections are made. 
Before fluorescence chromatograms can be recorded 
appropriate optical windows for emission collection must be 
determined based on the three excitation laser lines emplo-
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yed: deep UV, near UV and 457.9 nm. The windows are cho-
sen based on the SRC II neutral PAH fraction emission spec-
tra so that mobile phase Raman scatter and source excita-
tion, are effectively blocked from the photomultiplier 
tube, thus keeping the background signal to a minimum. 
Figure 12 illustrates the emission profile of the 
SRC II neutral PAH fraction obtained using the deep UV 
excitation wavelengths 275 nm (a) and 306 nm (b). All 
emission produced by the two excitation wavelengths occurs 
between 280 nm and 520 nm. Emission profiles of methanol 
recorded at different excitation wavelengths showed the 
Raman shift of methanol to range between 30 nm and 36 nm. 
Thus, the peaks appearing in the 275 nm and 306 nm profiles 
at 305 nm and 342 nm, respectively are due to Raman shifted 
excitation. Figure 13 illustrates the optical windows, 
created by the filter combinations listed in Table 3, used 
to collect fluorescence emission produced by the three 
excitation wavelengths. In Figure 13a the optical window 
chosen for deep UV excitation allows radiation to be trans-
mitted between 420 nm and 520 nm (represented by the shaded 
portions of the deep UV emission profiles in Figure 12) 
while effectively blocking the Raman and source wave-
lengths as well as the HeNe probe wavelength of 632.8 nm. 
Accordingly, the optical windows used with the near UV and 
457.9 nm laser lines are selected so that Raman shifted and 
source excitation and the probe laser wavelength are 
103 
380 
366 
(a) 
429 
275 305 335 365 395 425 455 485 515 545 
Figure 12. 
Wavelength (nm) 
Emission profile of the SRC II neutral PAH 
fraction. (a) excitation wavelength = 275 nm. 
(b) excitation wavelength = 306 nm. Solvent: 
methanol/water (80:20). 
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Figure 13. Optical windows used to collect fluorescence 
emission using excitation wavelengths of (a) 
deep UV, FWHM=48 nm, %T=l6%, (b) near UV, 
FWHM=SO nm, %T=l9%, and (c) 458 nm, FWHM=46 nm, 
%T=l9%. 
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effectively blocked while also allowing a total transmit-
tance range of 100 nm. 
Simultaneous thermal lens and fluorescence detection of the 
standard PAH mixture. Once the dual detector has been op-
timized with respect to flow cell position and pump/probe 
beam alignment and the fluorescence optical windows have 
been chosen then simultaneous thermal lens/fluorescence 
detection can proceed. Figure 14 shows the deep UV (P 
150 mW) simultaneous thermal lens (Figure 14a) and fluores-
cence (Figure 14b) chromatograms of the standard PAH mix-
ture. Fluorescence emission is collected over the bandpass 
shown in Figure 13a. All fluorescence chromatograms are 
inversely recorded above the thermal lens chromatograms to 
facilitate easier comparison of the two. 
Initial observation of the thermal lens chromato-
gram indicates that chromatographic peak resolution has 
deteriorated upon switching from the Kratos flow cell to 
the square capillary tube. This arises from a volume dis-
crepancy between the two flow cells. The Kratos flow cell 
volume, including the connecting tubing volume, is 1.1 µL 
compared to 4.6 µL for the square capillary (Refer to Ap-
pendix II for calculation). Thus, the larger volume of the 
square capillary promotes more band broadening resulting in 
poorer peak resolution. However, despite the less than op-
timum flow cell volume the square capillary yields resolu-
tion good enough to distinguish the nine components of the 
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Figure 14. Deep UV simultaneous (a) thermal lens and 
(b) fluorescence chromatogram of the standard 
PAH mixture. Mobile phase: methanol (100%), 
flow rate: 30 µL/rnin, 20 ng or each component 
injected, P=lSO mW. 
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Table 7. Peak Identities for the Deep UV Simultaneous 
Thermal Lens/Fluorescence Chromatograms of the 
Standard PAH Mixture 
Compound 
toluene 
phenanthrene 
fluoranthene 
pyrene 
triphenylene 
benzo[a]anthracene 
chrysene 
impurity 
benzo[e]pyrene 
perylene 
benzo[a]pyrene 
Peak Number 
Thermal Lens 
Detection 
Fluorescence 
Detection 
1 
2 1 
3 2 
4 3 
5 4 
6 5 
7 6 
8 
9 7 
8 
10 9 
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standard PAH mixture. Peak number 8 is an impurity since 
its retention time did not correspond to any of the singly 
injected PAH's. 
Figure 14 illustrates an advantage inherent in the 
dual detector compared to conventional HPLC detectors in 
that thermal lens and fluorescence chromatograms can be 
recorded without resorting to two separate experiments. 
Also, since all of the thermal lens peaks have been previ-
ously identified peak assignment in the fluorescence chro-
matogram is merely an exercise in inspection. Of course, 
this is only an advantage if the s amp 1 e components fl uor -
esce at the chosen excitation wavelength. Injections of 
individual and spiked standards are not required for fluor-
escence peak identity confirmation. Table 7 lists the 
fluorescence peak identifications of the standard PAH mix-
ture using the thermal lens profile as a reference stand-
ard. Peaks numbers in all dual chromatograms are assigned 
according to when the component elutes relative to the 
injection point. 
In addition, simultaneous thermal lens and fluor-
escence detection allows for the identification of mixture 
components which would ordinarily be missed if only a sin-
gle detection method were used. This is an obvious ad-
vantage however, the reason for it has more subtle origins 
and needs to be elaborated upon. The root of this advan-
tage stems from the complementary nature which exists be-
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tween the two techniques and is best demonstrated using 
perylene 
perylene 
However, 
as an example. 
between 
From Figure 
benzo[e]-elutes 
despite the fact that 
11 it is known that 
and benzo[a]pyrene. 
extinction 
coefficient values of 2500 and 
perylene has 
790 Lmol -lcm-1 (Refer to 
Appendix III), at 275 and 306 nm, respectively, a thermal 
lens peak is absent from Figures 10 and 14a. These extinc-
tion coefficient values indicate that perylene absorbs 
significantly at the two excitation wavelengths. Accord-
ingly, this is confirmed by the presence of the perylene 
peak in the deep UV fluorescence chromatogram (Figure 14b, 
peak #8). If absorption did not occur then a fluorescence 
peak should not be present (assuming that fluorescence 
transmittance through the optical window is large). Taking 
these observations into consideration, the absence of a 
perylene peak in the thermal lens chromatogram indicates 
that 1-Qf for perylene must be very small compared to Qf 
meaning that fluorescence dominates over radiationless 
relaxation. Furthermore, a fluorescence quantum efficiency 
of 0.97 for perylene in cylcohexane has been reported 
(refer to Appendix III) which further supports the preceed-
ing statement. Thus, even though a species absorbs sig-
nificantly at the chosen excitation wavelength does not 
necessarily imply that a thermal lens signal will be produ-
ced. Consequently, simultaneously recording fluorescence 
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and thermal lens signals guarantees that compounds exhibit-
ing such behavior do not go undetected. 
The effect of changing the excitation wavelength, 
from the deep to the near UV laser line, on the appearance 
of the dual chromatogram is illustrated in Figure 15. 
Figure 15 represents the near UV thermal lens/fluorescence 
chromatogram of the standard PAH mixture. Each peak repre-
sents 20 ng of injected component detected using a laser 
power of 110 mW. Peak identities are listed in Table 8. 
Except for some slight peak broadening the thermal lens 
chromatogram is identical to that obtained with the Kratos 
flow cell (Figure 11). 
ta ins only four peaks. 
The fluorescence chromatogram con-
However, this does not mean that 
only four components of the mixture fluoresce using the 
near UV laser line. The emission transmission optical 
window has been shifted to a longer wavelength range than 
that used for deep UV excitation. Other mixture components 
may have high enough fluorescence quantum efficiencies at 
the excitation wavelength but their emission could be bloc-
ked by the filters. In addition, as a result of the ex-
citation wavelength change and the shifted optical window 
benzo[e]pyrene no longer appears as a shoulder on the pery-
lene peak, thus making this compound easier to quantitate. 
Besides the different fluorescence optical windows used, 
differences in relative peak height observed for the near 
and deep UV simultaneous thermal lens/fluorescence 
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Figure 15. Near UV simultaneous thermal lens (a) and 
fluorescence (b) chromatogram of the standard 
PAH mixture Mobile phase: methanol (100%), flow 
rate: 30 µL/min, 20 ng of each component 
injected, P=llO mW. 
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Table 8. Peak Identities For the Near UV Simultaneous 
Thermal Lens/Fluorescence Chromatogram of the 
Standard PAH Mixture 
Compound 
phenanthrene/ 
anthracene 
fluoranthene 
pyrene 
benzo[a]anthracene 
benzo[e]pyrene 
perylene 
benzo[a]pyrene 
Peak Number 
Thermal Lens Fluorescence 
Detection Detection 
1 1 
2 2 
3 
4 
5 
6 3 
7 4 
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chromatograms reflect the dissimilar values of Qf and 1-Qf 
the mixture components have for the two excitation laser 
lines. By varying the excitation wavelength the overall 
absorbance: fluorescence ratio for each component changes 
thus producing chromatograms which are unique to the ex-
citation wavelength employed. 
Analysis of solvent refined coal. No where are the above 
advantages exemplified and the dual detector's utility more 
evident than in its ability to characterize the composition 
of an unknown complex mixture. Solvent refined coal (SRC) 
is an extremely complicated mixture of aliphatic hydrocar-
bons and neutral and heterocyclic aromatic hydrocarbons. 
Its diverse composition makes its analysis a time and labor 
intensive process plus prevents complete characterization 
using a single analytical method (85-88). Generally, prior 
to any instrumental analysis, a gross separation of SRC is 
performed dividing it into several fractions containing 
classes of compounds based on their solubility in various 
organic solvents. This separation is usually done on an 
alumina column or the SRC sample can be extracted directly 
(82, 89). In turn, each fraction, in and of itself, is a 
very complex mixture which requires gas chromatography or 
HPLC techniques in conjunction with the appropriate detec-
tors to characterize it. Ideally, the chosen detector 
should provide the most information regarding the mixture 
composition in the least amount of time. Inspection of 
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Figures 16-18 demonstrates that the thermal lens/fluores-
cence dual detector accomplishes just that. 
Figure 16 is recorded using the deep UV, Figure 17 
the near UV and Figure 18 the 457. 9 nm laser line. Each 
figure represents the comparison of SRC II neutral PAH 
fraction thermal lens and fluorescence chromatographic 
profiles simultaneously recorded using the designated wave-
length and acquired with only a single injection. Alterna-
tively, to obtain the same comparison using conventional 
detection systems one could record thermal lens and lumine-
scence profiles separately and then overlay the chromato-
grams. However, this method requires setting up two dif-
ferent detection systems resulting in twice as much sample 
and mobile phase consumption as well as a doubling of anal-
ysis time. This last factor becomes very important when 
run times exceed 30 minutes for single injections. Also, a 
true comparison could not be obtained if a sample is un-
stable to the extent that its composition changes between 
recording of the separate chromatograms. 
The deep UV thermal lens absorption profile, Figure 
16a, indicates that the majority of the components in the 
SRC II mixture elute between 9 and 17 minutes indicating a 
composition composed of mainly 4 and 5 aromatic ring com-
pounds when compared to the standard PAH mixture component 
retention times. Several unresolved components appear to 
elute between 6 and 7 minutes. These compounds should 
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0 Time (min) 37 
Figure 16. Deep UV simultaneous thermal lens (a) and 
fluorescence (b) chromatogram of the SRC II 
neutral PAH fraction. Mobile phase: methanol 
(100%), flow rate: 30 µL/min, P=200 mW. 
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Figure 17. Near UV simultaneous thermal lens (a) and 
fluorescence (b) chromatogram of the SRC II 
neutral PAH fraction. Mobile phase: methanol 
(100%), flow rate: 30 µL/min, P=l50 mW. 
117 
(a) 
inj 
0 Time (min) 47 
Figure 18. Simultaneous thermal lens (a) and fluor-
escence (b) chromatogram of the SRC II neutral 
PAH fraction obtained with 457.8 nm excitation. 
Mobile phase: methanol (100%), flow rate: 
30 µL/min, P=l50 mW. 
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contain 2 and 3 rings. The deep UV fluorescence profile, 
Figure 16b, reveals many fluorescing com-ponents in the 
mixture. Components which absorb as well as fluoresce at 
the given wavelength are easily identified by matching 
thermal lens peaks with the corresponding fluorescence 
peaks, if they exist. A few compounds containing more than 
five rings are present in the mixture indicated by the 
peaks appearing at retention times greater than 17 minutes. 
This is most noticeable in the fluorescence profile. Figu-
res 17a and 17b, obtained with near UV excitation, again 
illustrate the effect that varying the excitation wavelen-
gth has on the thermal lens and fluorescence chromatogra-
phic profiles. As discussed earlier, the relative dif-
ferences between the deep and near UV simultaneous chroma-
tograms are a result of the complementary nature which 
exists between the thermal lens effect and fluorescence. 
To continue, Figure 18 illustrates the thermal lens and 
fluorescence profiles of the SRC II neutral PAH fraction, 
at three times the concentration used for the deep and near 
UV chromatograms, obtained at a wavelength of 457. 9 nm. 
The most striking feature about this chromatogram is that 
the thermal lens profile contains no peaks while the fluo-
rescence profile shows many components. Obviously, sub-
stantial absorption is taking place at this wavelength but 
is not being detected by the thermal lens effect. 
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This difference between the thermal lens and fluor-
escence chromatograms obtained at 457. 9 nm excitation can 
be explained by one of two reasons. First, no thermal lens 
signal is observed because the probe beam is out of align-
ment. However, this is not the case since the pump/probe 
beam alignment is carefully optimized before any SRC II 
injections are made. The alignment is also re-checked 
after the chromatogram is recorded to insure that the a-
lignment is maintained throughout the recording of the 
chromatogram. The second, and most likely, reason that no 
peaks are observed in the thermal lens chromatogram is that 
some mixture components do not possess extinction coeffi-
cients great enough to produce a thermal lens effect at 
457. 8 nm and the components which do absorb sufficiently 
relax primarily by radiant means. This example illustrates 
why it is so important that thermal lens detection be done 
in conjunction with fluorescence detection. If only ther-
mal lens detection at 457.8 nm is used to characterize the 
SRC II PAH fraction then it would falsely be concluded that 
the mixture contains no components which absorb at that 
wavelength. 
Another unexpected feature about Figure 18 is the 
relatively large amount of fluorescence observed due to un-
resolved components eluting between 5 and 9 minutes. This 
most likely results from unretained polar heterocyclic PAHs 
present in the mixture. Since the procedure used to separ-
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ate the neutral PAH fraction from the SRC II sample is a 
gross one it is highly likely that these compounds are 
present to some extent. 
Finally, to further demonstrate the applicability 
of the dual detector's wavelength variability for charac-
terizing a complex mixture the SRC II neutral PAH fraction 
thermal lens profiles recorded with the deep UV, near UV 
and 457.9 nm laser lines are presented together in Figure 
19. These chromatograms are obtained using the Kratos flow 
cell which explains the narrower peaks and sharper resolu-
tion compared to those recorded using the square capillary. 
A laser power of 200 mW is used for the deep and near UV 
chromatograms while 700 mW is used for the 457. 9 nm pro-
file. 
Observing these chromatograms together reveals 
three important advantages of the detector's wavelength 
variability. First, as mentioned above only a single peak 
is observed in the 457.9 nm chromatogram. If the chromato-
gram is viewed alone it is questionable whether the obser-
ved peak reflects a real component of the mixture or an 
artifact. However, this component is shown not to be an 
artifact since peaks with identical retention times appear 
in the deep and near UV chromatograms. Second, the ob-
served peak height differences for individual components 
which produce peaks in both UV chromatograms can aid in 
their identification. As a hypothetical example assume 
Figure 19. 
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Deep UV (a), near UV (b), and 457.8 nm 
(c) thermal lens chromatograms of the SRC II 
neutral PAH fraction. Mobile phase: methanol 
(100%), flow rate: 30 µL/min. 
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that a component in the SRC II mixture which produces peaks 
in the deep and near UV chromatograms is thought to be due 
to chrysene. Assuming conditions are identical, except 
wavelength, during the recording of each chromatogram the 
difference in peak height between the two peaks is a re-
flection of the different extinction coefficients the com-
ponent has at the two laser lines. If the component is 
chrysene then the ratio of the two peak heights should 
correspond to the extinction coefficient ratio of chrysene 
at the different laser lines. Third, a more comprehensive 
characterization of the mixture is obtained. Compounds in 
the mixture which do not absorb at one wavelength and would 
otherwise remain undetected are easily seen in chromato-
grams recorded at wavelengths at which the compounds do 
absorb. 
Detection limit and linearity studies. The analytical 
thermal lens detection limits obtained with the dual detec-
tor are presented in Table 9. These studies are performed 
with the Kratos flow cell because of its smaller volume 
compared to the square capillary. Pyrene and benzo[a]an-
thracene are chosen for the deep and near UV studies, re-
spectively. The lowest detection limits are obtained using 
the near UV laser line due to the higher beam powers avail-
able (Column 2). Using a near UV laser power of 1000 mW 
the lowest mass detection limit achievable is 9. 3 pg, in-
jected on column, corresponding to a concentration detec-
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Table 9. Thermal Lens Detection Limits Obtained 
With the Dual Detector 
Wavelength 
and 
Extinction 
Coefficienta 
Deep uvc 
4.4 x 104 
Power 
(mW) 
70 
230 
Near uvd 800 
5.3 x 104 
1000 
Mass 
Detection 
Limitb 
(pg) 
390 
150 
13 
9.3 
Concentration 
Detection 
Limit 
(M) 
l.7x10-6 
6.6x10-7 
6.4xlo-8 
4.6xlo-8 
Absorbance 
Detection 
Limit 
(AU) 
7.2xlo-3 
2.9x10-3 
3.4x10-4 
2.4x10-4 
a The values listed are the sum of the individual 
extinction coefficient values, from Appendix III, that 
the designated compound has at each wavelength composing 
the laser line that was used. Units are Lmol-lcm-1. 
b At S/N = 3. 
c Compound used is benzo[a]anthracene. 
d Compound used is pyrene. 
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tion limit of 4.6xlo- 8 M (S/N=3) This is equivalent to an 
absolute detection limit of 93 femtograms (0 .46 femtomole 
or approximately 3xl0 8 molecules) of pyrene detected based 
on a calculated probe beam volume of 10 nL (Appendix IV). 
The absolute detection limit refers to the actual amount 
(mass, moles or molecules) detected at the designated sig-
nal-to-noise ratio. Figure 20 illustrates the thermal lens 
signal obtained for a 4 ng injection of benzo[a]anthracene 
using deep UV excitation at a power of 70 mW. The signal 
(peak #2) corresponds to approximately 6xlo-3 AU with root 
mean square noise equivalent to approximately 2xlo-4 AU. 
The detection limits in terms of minimum detectable 
absorbance are poor compared to previously reported values 
of 2-4xlo- 6 AU (46), lx10-7 AU (47), and 2x10-S AU (50). 
Two reasons could account for this. First, since benzo[a]-
anthracene and pyrene have relatively large extinction 
coefficients and respective quantum efficiencies of 0.20 
and 0. 72 (refer to Appendix III) both compounds fluoresce 
significantly at the wavelengths used for the detection 
limit studies. This me ans that the fl uo res c enc e quantum 
efficiency magnitude plays a significant role in the ther-
mal lens detection limit determination. The greater the 
fluorescence quantum efficiency the lesser amount of radia-
tionles s relaxation will take place and a smaller thermal 
lens signal is produced. Thus, the observed thermal lens 
detection limits for this study are poor if only radiation-
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Figure 20. Deep UV thermal lens chromatogram of 
benzo[a]anthracene. Mobile phase : methanol 
(100%), flow rate: 30 uL/min, 4 ng injected, 
P=70 mW. 
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less relaxation is assumed. However, since this is not the 
case then the thermal lens detection limits must be viewed 
in the context that they reflect the degree to which fluor-
escence is occurring. Second, methanol is a relatively 
poor thermal lensing solvent because of its polarity. The 
thermal lens effect is strongest when nonpolar solvents 
possessing large dn/dT values are used. If a mobile phase 
more conducive to forming refractive index and temperature 
gradients could be found then lower thermal lens detection 
limits would be possible. 
In Table 10 detection limits from various thermal 
lens HPLC detectors are listed. As expected, due to the 
microbore column's smaller internal diameter excellent mass 
detection limits are obtained with the dual detector com-
pared to other thermal lens detectors which use an analyti-
cal column. The detection limits are in good agreement 
with those acquired with the listed microbore and capillary 
column systems. In addition, the thermal lens absolute 
detection limit is approximately three orders of magnitude 
better than those obtained, by Winefordner, et al, for a 
series of PAHs using laser-induced photoacoustic HPLC de-
tection (90). The present dual detector thermal lens 
detection limits could be improved by using a shorter focal 
length lens which would deliver a higher power density to 
the sample. Alternatively, the optical configuration could 
be altered by placing the flow cell at the pump beam waist 
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Table 10. Comparison of Detection Limits Obtained With 
Various Thermal Lens HPLC Detectors 
Wavelength Power Column Compound Mass 
(nm) (mw) Size Detected Detection 
Limit 
deep UV 230 
near UV 1000 
488 300 
458 800 
458 80 
458 190 
515 500 
aThis study. 
bThis study. 
cReference 91. 
dThe detection 
microbore pyrene 
microbore benzo[a]anthracene 
microbore DABS-gly 
capillary Q.-nitroaniline 
analytical Q.-nitroaniline 
analytical Q.-nitroaniline 
microbore benzopurpurin 
limit is 
Reference 
to reflect 
eReference 
fReference 
gReference 
92. The value 
S/N=3. 
reported as 30 pg at 
listed in this table is 
42. 
40. 
49. 
150a 
9.3b 
l.4c 
3od 
9ooe 
53of 
3.0g 
S/N=2 in 
adjusted 
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and using a separate lens to focus the probe beam at a 
distance beyond the pump beam waist equal to Zopt· This is 
the ideal configuration for a pump/probe thermal lensing 
system if maximum sensitivity is desired. Also, the ther-
mal lens detection limits should be improved if compounds 
with negligible quantum efficiencies at the designated 
wavelengths are used. 
Table 11 presents the fluorescence detection limits 
obtained with the dual detector using the square sided 
capillary flow cell. The lowest detection limit 
tained with near UV excitation and corresponds to 
solute detection limit of 29 fg (0.14 femtomole) or 
is ob-
an ab-
8xl07 
molecules excited in a 12 nL pump volume. Table 12 lists 
the detection limits obtained with various laser fluores-
cence HPLC detectors. The current microbore system yields 
poorer fluorescence detection limits than those obtained 
with an analytical column. This could be explained by the 
fact that the microbore system does not allow for the ex-
citation beam to be focussed into the sample as do the 
analytical column systems. Thus, a less than optimal power 
density delivered to the sample contributes to the marginal 
detection limits. 
The dual detector fluorescence detection limits are 
approximately an order of magnitude better than the thermal 
lens detection limits when the amount of material detected 
per milliwatt of power is compared (refer to Tables 9 and 
Table 11. 
Excitation 
Wavelength 
(nm) 
Deep uvb 
Near uvc 
aAt S/N = 3. 
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Fluorescence Detection Limits Obtained 
With the Dual Detector 
Power 
(mW) 
100 
200 
150 
Mass 
Detectiona 
Limit {pg) 
3.8 
3.3 
2.4 
Concentration 
Detection 
Limit (M) 
1.5 x 10- 8 
1.3 x lo- 8 
1.2 x lo- 8 
bcompound use is perylene. 
ccompound used is fluoranthene. 
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Table 12. Comparison of Detection Limits Obtained With 
Various Laser Fluorescence HPLC Detectors 
Excitation 
Wavelength Power Column Compound Mass 
(nm) (mW) Size Detected Detection 
Limit 
deep UV 100 microbore perylene 3.8 pga 
deep UV 200 microbore perylene 2.4 pgb 
near UV 150 microbore fluoranthene 2.4 pgc 
325 8 analytical aflatoxins 1.1 pgd 
325 8 analytical zearalenone 300 pge 
488 100 analytical MPDMEf 53 pgg 
488 1200 analytical andriamycin 10 pgh 
488 1200 analytical daunorubin 15 pgi 
351, 356 1000 analytical fluoranthene 20 fgj 
325 6.5 capillary pyrene 24 fgk 
325 10 capillary coumarin 440 2.3 fgl 
a,b,cThis study. 
dThe detection limit is reported as 750 fg at 
table 
S/N=2 in 
has been Reference 69. The value listed in this 
adjusted to reflect S/N=3. 
eReference 71. 
fmesoporphyrin IX dimethyl ester 
gReference 73. 
h,iReference 76. 
jReference 72. 
kReference 78. 
1Reference 74. 
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11). This observation needs to be addressed. Thermal 
lensing is potentially as sensitive as fluorescence detec-
tion since the magnitude of both effects are directly pro-
portional to pathlength and power delivered to the sample. 
However, additional variables, inherent in the manner in 
which the thermal lens signal is measured, contribute to 
the difference in thermal lens and fluorescence detection 
limits. Since flow is present inside the flow cell the 
pump beam region is constantly being cooled due to thermal 
transport causing a smaller thermal lens to be formed com-
pared to a static situation (39). Also, turbulence as a 
result of mobile phase mixing inside the flowcell contribu-
tes noise to the background signal. Detection limits for 
flowing samples have been shown to be three times greater 
than those observed in static situations due to these two 
phenomena (39). 
Another possible noise source stems from the fact 
that the blocking efficiency of the absorption filter used 
to reject the pump beam from the photodiode is not 100%. 
Thus, residual pump radiation strikes the detector and 
contributes to the background signal level as well as any 
optical interference produced by the overlapping pump and 
probe beams (29, 31) A possible means of reducing this 
noise would be to use a Glan-Thompson polarizer to reject 
the vertically polarized pump beam based on polarization. 
However, if this method is used then caution must be exer-
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cised since the highest quality commercially available 
clan-Thompson polarizers can pass residual pump radiation 
causing an intensity variation of the probe as high as 0.1% 
(31). To totally alleviate the problem one would have to 
resort to using a propagation-encoding optical configura-
tion (31) which spatially isolates the pump and probe beams 
before the detector. 
Methanolic benzo[a]anthracene solutions at dif-
ferent concentrations are used to study the linearity of 
the thermal lens system. Detector response is found to be 
linear from 7.Sxlo- 6 to l.4xlo- 4 M with a correlation coef-
ficient of 0.993 using the deep UV line at an approximate 
power of 115 mW and corresponds to an on column mass detec-
ti on range of 1. 7 to 32 ng. The peak heights of three 
consecutive injections of the 27 ng standard gave a repro-
ducibility of 2.7% relative standard deviation. 
The narrow linear dynamic range obtained could 
possibly reflect the amount of fluorescence that occurs 
with benzo[a]anthracene using the deep UV laser line. As 
discussed earlier, if substantial fluorescence is occurring 
then the thermal lens peak heights will not be indicative 
of the specie's total absorption. If this is true, then 
the low end of the calibration curve would be extended if 
only radiationless relaxation were to take place. Present-
ly though, the lower end of the linear dynamic range could 
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most likely be extended by using a higher laser power and a 
shorter focal length lens. 
Figure 21 represents the thermal lens calibration 
curves obtained on five separate days. It illustrates how 
critical proper pump/probe beam alignment experience is to 
quantitation. Linear dynamic range varies widely from day 
to day as well as the sensitivity (slope) of each curve. 
However, with each successive day these two variables im-
prove until on day 5 the steepest slope and largest linear 
dynamic range are obtained. The fact that both variables 
improved on a daily basis demonstrates the dependence of 
operator experience on quantitation. Thus, before quan-
titation is attempted it is imperative that the operator 
have substantial pump/probe beam alignment experience. 
Additional deep UV thermal lens applications. Traditional-
ly, depending on the type of laser used, the range of com-
pounds detected with conventional thermal lens HPLC detec-
tion systems has been limited, often to compounds which 
absorb at a single visible wavelength. This restriction 
represents the technique's major impracticality since it 
excludes the analysis of multitudes of compounds that ab-
sorb in the ultraviolet. However, the present laser-based 
microbore detector overcomes this handicap with its ability 
to utilized wavelengths which span the ultraviolet through 
the green portion of the electromagnetic spectrum without 
having to result to more than one laser source. The avail-
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Thermal lens calibration curves obtained on 
five separate days. 
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ability of the deep UV line containing 275 and 306 nm makes 
the detector a more practical instrument since thermal lens 
detection can be extended to non-colored compounds. 
is demonstrated in the following examples. 
This 
Figure 22 illustrates the deep UV (P 100 mW) 
thermal lens isocratic separation of a mixture containing 
the seven substituted benzenes: phenol, benzaldehyde, 
acetophenone, nitrobenzene, methylbenzoate, anisole, and 
toluene. A mobile phase consisting of methanol/water, 
70:30 (v/v) and flow rate of 30 µL/min are used. Table 13 
lists the peak assignments, retention times and the amount 
of each compound injected. Baseline resolution is accom-
plished for nearly all components of the mixture and a mass 
detection limit of 580 pg (4.7xlo-6 M, S/N=3) is calculated 
for nitrobenzene. In general, signal-to-noise ratios for 
all the components should increase as the laser power is 
increased. However, this is not always the case as is 
demonstrated in Figure 23. Figure 23 represents the deep 
UV thermal lens chromatogram of the substituted benzene 
mixture, at one half the concentration as that represented 
in Figure 22, recorded using a power of 310 mW. Comparing 
the two chromatograms shows that the relative peak heights 
for each component are different at the two powers. Most 
noticeable are the peak height increases for toluene and 
anisole (Peaks 6 and 7) and decreases for benzaldehyde and 
nitrobenzene (Peaks 2 and 4) in the 310 mW chromatogram 
Figure 22. 
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Deep UV thermal lens chromatogram of the 
substituted benzene mixture recorded using a 
laser power of 100 mW. Mobile phase: 
methanol/water (70:30, v/v), flow rate: 
30 µL/min. 
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Table 13. Deep UV Thermal Lens Chromatogram Peak 
Assignments, Retention Times and Injected Quantities 
For the Substituted Benzenes Mixture Separation 
Peak Compound Retention Time Quantity 
No. (min) Injected 
( n~) 
1 phenol 5.8 100 
2 benzaldehyde 7.4 256 
3 acetophenone 7.8 256 
4 nitrobenzene 9.5 77 
5 methylbenzoate 10.8 758 
6 anisole 1 640 
7 toluene 17.8 71,000 
Figure 23. 
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Deep UV thermal lens chromatogram of the 
substituted benzenes mixture recorded using a 
laser power of 310 mW. Refer to Table 13 for 
peak assignments and retention times. 
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since all conditions remain the same during the recording 
of both chromatograms, excluding the laser power differ-
ence, the changes in peak height have to reflect a change 
in the proportions of the 275 and 306 nanometer content of 
the deep UV line as the current across the plasma tube is 
increased. Thus, caution must be exercised when trying to 
achieve lower thermal lens detection limits by increasing 
the laser power if a polychromatic line is used. 
Another practical application of the deep UV ther-
mal lens HPLC detection is shown in Figure 24. This figure 
represents the separation of a pharmaceutical mixture con-
taining theophyl 1 ine, caffeine, phenacetin, acetaminophen 
and acetylsalicylic acid recorded using a laser power of 
100 mW. A mobile phase composed of methanol/water, 60: 40 
(v/v) and flow rate of 20 µL/min are used. Table 14 lists 
the peak assignments, retention times and detection limits 
for the five components. These substances are routinely 
analyzed for in blood and cold medications using analytical 
co 1 umns ( 9 3 - 9 6) . However, gradients and mixed mobile pha-
ses involving acetate and phosphate buffers are often need-
ed to separate the components resulting in much of the 
analysis time being spent re-equilibrating the column if 
multiple injections are made. Also, careful attention must 
be paid to insure that buffer salts do not precipitate on 
the column. Since the present detection system employs a 
microbore column the analysis is simplified in that an 
2 
3 
4 
5 
Time (min) 14 
Figure 24. Deep UV thermal lens chromatogram of the 
pharmaceutical mixture. Mobile phase: 
methanol/water (60:40, v/v), flow rate: 
20 µL/min, P - 100 mW. 
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Table 14. Deep UV Thermal Lens Chromatogram Peak 
Assignments, Retention Times and Detection Limits For the 
Pharmaceutical Mixture Separation 
Peak Compound Retention Mass 
No. Time Detection 
Limit 
(min) (n~) 
1 acetylsalicyclic 6.4 2.9 
acid 
2 acetaminophen 7.1 2.4 
3 theophylline 7.8 1.2 
4 caffeine 9.0 1.6 
5 phenacetin 13.7 5.1 
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isocratic, near baseline separation of all five components 
is accomplished using a simple mobile phase of methanol and 
water in only 14 minutes. Furthermore, the observed con-
centration detection limits for theophylline, acetamino-
phen, and acetylsalicylic acid are comparable to those 
obtained by Kinberger and Holmen (93) in the determination 
of the three compounds in blood using a reverse phase anal-
ytical column and conventional UV detection at 280 nm. 
However, the mass detection limits achieved with the cur-
rent system are an order of magnitude smaller than those 
reported by Kinberger and Holmen, most likely because a mi-
crobore column is used. A mass detection limit (S/N=2) of 
150 pg of caffeine and 100 pg of theophylline in cocoa 
accomplished using a microbore column and conventional UV 
detection at 2 8 0 nm has been reported ( 9 7 ) . The present 
detection limits were obtained with a laser power of only 
100 mW and in theory, can be lowered to the picogram level 
by operating at higher laser powers. 
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CONCLUSIONS 
A new type of laser-based microbore HPLC detector 
has been presented. By using a square sided capillary tube 
as a flow cell and positioning it at Zopt beyond the focus-
sing lens simultaneous thermal lens and fluorescence chro-
matograms were obtained. The thermal lens signal is recor-
ded by monitoring the beam center intensity of a HeNe probe 
laser which propagates collinear with the excitation beam 
while fluorescence is collected at 90 degrees from the 
excitation beam. The detector's versatility was demonstra-
ted by recording simultaneous thermal lens/fluorescence 
chromatograms of a standard PAH mixture and the neutral PAH 
fraction of solvent refined coal using deep and near UV, as 
well as 457.8 nm excitation. Analysis of these chromato-
grams revealed that their overall appearance was a direct 
reflection of the complementary nature which exists between 
the thermal lens effect and fluorescence. In specific, the 
relative peak height differences between thermal lens and 
fluorescence chromatograms was governed by Qf, 1-Qf, and 
the transmittance range, T, of the fluorescence optical 
window. The relative peak height difference between ther-
mal lens chromatograms of the same mixture recorded at 
different wavelengths was governed by the extinction coef-
ficient and 1-Qf magnitudes the components had for each 
wavelength. 
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The best thermal lens detection limit achieved was 
93 femtograms (0.46 femtomole) of pyrene using a near UV 
pump laser power of 1000 mW. Lower thermal lens detection 
limits most likely could be obtained by altering the opti-
cal configuration such that the pump beam is focussed into 
the flow cell and the probe beam is focussed at Zopt· 
Also, compounds having minimal fluorescence quantum effici-
encies should be used. These changes could possibly expand 
the currently observed thermal lens linear dynamic range. 
The lowest fluorescence detection limit obtained was 29 
femtograms (0 .14 femtomole) of fluoranthene using a power 
of 150 mW. Better fluorescence detection limits would also 
be observed by focussing the excitation beam into the flow 
cell, using a higher laser power and maximizing the trans-
mittance range of the fluorescence optical window. 
The detector's versatility was further emphasized 
by demonstrating that thermal lens detection for liquid 
chromatography in the ultraviolet is now conveniently pos-
sible. Thermal lens detection is no longer restricted to 
compounds which absorb at visible wavelengths since con-
tinuous wave lasers are now commercially available which 
have the capability of producing low power ultraviolet 
beams. As a result, the range of compounds which can be 
detected by the thermal lens effect has been expanded. 
This was illustrated by recording chromatographic separ-
ations of a substituted benzenes and a pharmaceutical mixture. 
CHAPTER 4 
FUTURE RESEARCH 
Rotoreflected double-beam thermal lens spectrometer: A 
method for transforming the current system into a multi-
wavelength instrument is proposed. A major limitation of 
the present rotoreflected double-beam thermal lens spectro-
meter is its inability to operate at wavelengths other than 
515. 5 nm. This restriction is imposed by the retardation 
plates since the wavelength used and the desired state of 
polarization rotation dictates the thickness of each plate. 
Thus, if wavelengths other than 515. 5 nm are to be used 
with the current spectrometer separate half-wave and quart-
er-wave plates would be required for each wavelength em-
ployed. This is very impractical since every time the 
wave length is changed the retardation plates would also 
have to be changed requiring substantial realignment of the 
entire optical configuration. However, this handicap can 
be circumvented if a Soleil-Babinet compensator and a Pock-
els cell are incorporated into the present system. 
A Soleil-Babinet compensator is an optical device 
that functions as a retardation plate which can be adjusted 
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to achieve a specific retardation at any wavelength between 
250 nm and 3.5 micrometers (98, 99). It is composed of two 
wedge shaped pieces of crystalline quartz which are placed 
on top of each other. One wedge is fixed while the other's 
movement is controlled by means of a micrometer. In this 
manner the total thickness of quartz that the light travels 
through can be varied. Thus, the compensator can be ad-
justed to produce a chosen retardation for any wavelength 
within the specified range. 
A Pockels cell is an electrooptic instrument which 
can be used to modulate a laser beam by encoding it with 
alternate states of orthogonal polarization (99, 100). It 
consists of a crystalline birefringent material to which an 
electric field is applied which induces a change in the 
materials birefringence. Thus, a laser beam passing 
through the material while the electric field is applied 
will undergo a change in polarization. The magnitude of 
the electric field applied across the crystal dictates the 
degree to which the polarization of the laser beam will be 
altered. By controlling the frequency at which the elec-
tric field is turned on and off, with a waveform generator, 
polarization modulated beams can be produced with modula-
tion frequencies on the order of megahertzs. 
If the half-wave plate and chopper are replaced by 
a Pockels cell and quarter-wave plates are replaced with 
Soleil-Babinet compensators then the present configuration 
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would be transformed into a multiwavelength spectrometer. 
To accomodate a laser wavelength change the only manipula-
tions required would be to adjust the Soleil-Babinet com-
pensator micrometers and the applied voltage to the Pockels 
cell. The need to purchase separate half-wave and quarter-
wave plates for each laser wavelength would be eliminated 
as would the necessity of gross realignment at every wave-
length change. More significant would be the spectrome-
ter's potential to function in the ultraviolet allowing a 
much greater range of samples to be analyzed. In addition, 
a sensitivity enhancement should be realized as a result of 
replacing the chopper with the Pockels cell. This would 
result from modulation frequencies on the order of mega-
hertzs producing a much stronger steady state thermal lens 
in the sample compared to that obtained at 1.5 kHz. Also, 
noise due to chopper blade cutting imperfections and chop-
per vibration would be eliminated since a mechanical chop-
per would no longer be a part of the configuration. 
Another way to lower the noise in the system is to 
incorporate a spatial filter into the configuration prior 
to the limiting aperture (101). Dust and dirt on the len-
ses and mirrors interact with the beam to cause interfer-
ence patterns which are responsible for the speckle ob-
served when the laser spot is observed in the far-field. 
There is a finite amount of noise associated with laser 
speckle which, if eliminated, could lower the present de-
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tection limits. The spatial filter is comprised of a very 
short focal length lens and a pinhole, whose diameter is 
slightly less than that of the focussed beam, which is 
placed at the lens focal point. The beam is positioned 
such that only the beam center is allowed to pass through 
the pinhole. Since the beam interferences associated with 
dust and dirt on the optics are concentrated at the outer 
portions of the beam, they will not pass through the pin-
hole and the emerging beam will be devoid of speckle. 
Microbore HPLC thermal lens/fluorescence detector: A 
method for improving the thermal lens and fluorescence 
detection limits of the current detector is proposed. 
Ultimate detection limits in fluorescence determinations 
are limited by the magnitude of background noise present in 
the sys tern. In theory, drastic signal-to-noise ratio en-
hancement can be achieved by eliminating, from the fluores-
cence of interest, the two largest contributors to signal 
background: solvent Raman scatter and scattered excitation 
radiation. Generally, extraneous excitation radiation is 
reduced to a minimum through careful baffling of the emis-
sion collection optics and by using appropriate interfer-
ence filters or a monochromator positioned before the pho-
tomultiplier tube. However, reduction of solvent Raman 
scatter poses a more difficult challenge since overlap of 
Raman emission with the fluorescence region usually is the 
case. Often the overlap is so severe that it is impossible 
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to extract a portion of the fluorescence that does not 
contain any solvent Raman emission using conventional col-
lection optics. A method called phase resolved background 
suppression has been developed, by Demas and Keller (102), 
using principles of phase resolved spectroscopy to circum-
vent this problem. 
Demas and Keller developed this technique to re-
solve severely overlapping fluorescence from Raman scatter. 
Others have used the technique to resolve heterogeneous 
emissions (103-107). The theory of phase-resolved spec-
troscopy relies on the premise that heterogenous emission 
can be resolved into its component emissions assuming that 
the lifetimes of the luminescent species are different 
(102, 108). Specifically, if sinusoidally modulated light 
is used to excite a mixture containing components A and B 
the resulting emission will also be sinusoidally modulated 
and the emission phase will be shifted relative to the 
excitation. If the emission lifetime of component A is 
greater than that of component B, the emission of component 
A will lag behind that of B. In other words, a difference 
in the phase angles of the two emissions results from the 
corresponding difference in their emission lifetimes. Sue-
cessful resolution of two overlapping emissions exploits 
the phase angle difference between the two components. An 
emissive component's phase angle, </>i depends on the life-
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time of the component, Ti and the excitation modulation 
frequency, f according to the following relationship: 
(16) 
To achieve appreciable phase differences between components 
whose 1 if et ime s are on the order of nanoseconds requires 
modulation frequencies in the megahertz regime (102). 
Modulation of laser beams at such high frequencies are 
accomplished by using an acoustooptic modulator. 
Resolution of the component emissions is achieved 
by using a phase sensitive detector (lock-in amplifier). 
The lock-in amplifier output, I, for two emissive compo-
nents is defined by the following equation (104, 105): 
(17) 
where <f>A and <f>B are the component phase angles, </>n is the 
detector phase angle and KA and KB are constants which 
depend on the observation wavelength, concentrations, de-
modulation factors, extinction coefficients, and quantum 
yields of the components (102, 108). If component A cor-
responds to unwanted solvent Raman emission then by inspec-
tion of equation 17 this component can be suppressed if 
In practice this is accomplished by setting the 
lock-in detector phase such that it is 90° out of phase 
with respect to component A. Only emission due to compo-
nent B will be detected with a reduction corresponding to a 
factor of sin(<f>B-<f>A) of its original intensity (102). 
151 
An improvement in the fluorescence detection limits 
obtained with the present detector might be possible since 
this phase resolution offers a way to suppress mobile phase 
Raman scatter. First, the lifetime of the sample emission 
would have to be experimentally determined. Established 
techniques for determining emissive lifetimes exist in the 
literature (51, 109, 110). Once the sample emission life-
time is known, the phase angle shift relative to the ex-
citation phase can be calculated from equation 16. Knowing 
the value for the sample emission phase angle shift would 
allow the lock-in amplifier phase to be set accordingly to 
null out the Raman scatter. 
Application of the phase resolve background sup-
pression technique to the thermal lens/fluorescence liquid 
chromatography detector would present a situation where 
thermal lens detection limits could also be improved over 
those currently observed. However, modification of the 
optical configuration would be necessary since modulation 
at megahertz frequencies would produce a steady state ther-
mal lens making the pump/probe approach useless. The mag-
nitude of the steady state thermal lens produced in the 
sample cell would have to be compared to a reference signal 
using a differential configuration similar to that develop-
ed by Skogerboe and Yeung (50). An illustration of the 
modified dual detector is presented in Figure 25. After 
exiting the laser cavity the beam passes through an acous-
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tooptic modulator driven by a waveform generator. The 
emerging zeroth-order and first-order beams would be used 
as respective sample and reference beams. A lens placed 
after the Bragg cell would direct the sample beam into the 
flow cell positioned at Zopt· An aperture is placed in the 
sample beam path so that the beam center intensity change 
can be monitored. Both sample and reference beams strike a 
photodiode and a differential output is produced by lock-in 
amplifier #2. Fluorescence emission would be collected 
perpendicular to the sample cell using an appropriate lens 
and filter system before a photomultiplier tube. The sig-
nal from the photomultiplier tube would be sent to lock-in 
amplifier #l which would be set at the proper phase to null 
out the mobile phase Raman scatter. 
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Figure 25. Modified dual detector: AOM, acoustooptic 
modulator; WG, waveform generator; PMT, 
photomultiplier tube; L, lens; FC, flow cell; 
F, filter; M, mirror; PD, photodiode. 
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APPENDIX I 
APPENDIX I 
The equation describing the differential signal 
produced by the rotoreflected double-beam thermal lens 
spectrometer is derived below using the following diagram 
and definitions: 
Io,s 1 s I ls(O) ~ 
Io,r 
:l R I I,(O) ; 
where I 0 s - beam center intensity before the sample cell 
Is(6) sample beam center intensity after exiting 
the cell at t-0 
beam center intensity before the reference 
cell 
Ir(O) - reference beam center intensity after exiting 
the cell at t=O. 
The de ri va ti on starts with the equation for the steady 
state thermal lens: 8I/I(O) - 2.303EA where 8I - I(O)-I(oo). 
This equation can be used to describe the thermal lens 
signals produced in the sample and reference cells of the 
ro to re fleeted double - beam configuration. For the sample 
cell thermal lens 
or 
Similarly, for the reference cell thermal lens 
[Ir(O)-Ir(oo)J/Ir(O) = 2.303EAr 
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(1) 
( 2) 
( 3) 
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and 
(4) 
The lock- in amplifier measures the difference between the 
sample and reference cells. Thus, equation 3 is subtracted 
from equation 2 to give the following: 
( 5) . 
If an offset is present between the sample and reference 
beams then Is(O) does not equal Ir(O). By rearranging and 
letting ~I(O)=Is(O)-Ir(O) equation 5 can be expressed as 
( 6) . 
The signal that is actually measured corresponds to the 
difference between the beam center intensities produced by 
the steady-state thermal lenses in the sample and reference 
cells or ~I=Is(w)-Ir(w) so 
~I ( 7). 
If there is an offset between the sample and reference 
beams then Is(O)-Ir(O) will be a function of the intensity 
difference between sample and reference beams before they 
enter the cells as well as the difference in the sample and 
reference beam center intensities due to the difference in 
absorbance between cells, ~labs· This relationship is des-
cribed by equation 8: 
164 
( 8) 
If As-Ar is defined as AA and Beer's Law is applied then 
Aiabs - 2.303I 0 AA (9). 
Substituting equation 9 in to equation 8 and rearranging 
gives 
(10). 
Substitution of equation 10 into equation 7 gives 
AI - -2.303E[As(AI 0 + 2.303I 0 AA + Ir(O)) - Arir(O)] + AI(O) (11) 
- -2.303E[AsAI 0 + 2.303I 0 AsAA + Ir(O)AA] + Al(O) (12). 
Since Io-Ir(O) then the differential signal can be expres-
sed as 
AI -2.303E[AsAI 0 + 2.303I 0 AsAA + AAI 0 ] + Al(O) (13). 
If no offset is present between the sample and reference 
beams then AI 0 -0 and AI(0)-0 and equation 13 reduces to 
AI - -2.303E(2.303I 0 AsAA + AAI 0 ) (14). 
Equation 14 can be rewritten as 
AI - -2.303EI 0 AA(2.303A 8 +l) ( 15) . 
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Since As is very small then (2.303As + 1) is approximately 
equal to unity and the equation reduces to 
L::..I = -2.303EI 0 L::..A (16). 
APPENDIX II 
Appendix II 
The total volume, VT, that a component experi~nces 
upon elution from the column is comprised of the volume of 
the tubing connecting the column to the flow cell, Vt, and 
the volume of the flow cell, Ve or 
where 
with 
Vt = Pr21 
r = tube radius = 6.4xlo-3 
1 tube length - 5.0 cm. 
For the Kratos flow cell: 
Ve= 0.5 µL (see reference 46) 
( 1) 
(2) 
cm 
Vt - (P)(6.4xlo-3 cm)2(5.0 cm)(lo-3 L/mL)(l06 µL/l) - 0.6µL 
and 
VT= 0.6 µL + 0.5 µL - 1.1 µL. 
For the capillary flow cell: 
with 
Ve = lwh 
1 - 0.05 cm 
w 0.05 cm 
h = 1.5 cm. 
(0.05 cm)2(1.5 cm)(lo- 3 L/mL)(l06 µL/L) = 4.0 µL 
Vt = 0.6 µL 
and 
VT 4.0 µL + 0.6 µL = 4.6 µL. 
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( 3) 
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Extinction Coefficient, e, Values For Mixture 
Components at 275 and 306 Nanometers 
Compound £275 £306 Solvent 
toluene 100 * cyclohexane 
anisole 1000 * cyclohexane 
phenol 10,000 * cyclohexane 
nitrobenzene 5610 7610 ethanol 
benzaldehyde 1650 820 ethanol 
methylbenzoate 796 2 methanol 
acetophenone 920 69 methanol 
acetylsalicyclic acid 820 360 methanol 
phenacetin 3330 240 ethanol 
caffeine 9520 1560 ethanol 
theophylline monohydrate 9250 10 water 
acetaminophen 2780 277 methanol 
phenanthrene 16,000 250 cyclohexane 
anthracene 320 630 cyclohexane 
fluoranthene 25,000 3200 95% ethanol 
pyrene 10,000 13,000 95% ethanol 
triphenylene 16,000 1800 ethanol 
benzo[a]anthracene 40,000 4000 95% ethanol 
chrysene 16,000 13,000 95% ethanol 
benzo[e]pyrene 40,000 18,000 ethanol 
benzo[a]pyrene 32,000 35,000 ethanol 
perylene 2500 790 95% ethanol 
* no appreciable absorbance at 306 nanometers 
** . 11 experimenta y determined 
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Ref. 
111 
111 
111 
112 
112 
** 
** 
113 
112 
112 
112 
** 
111 
111 
111 
111 
111 
111 
111 
111 
111 
111 
Extinction Coefficient, e, Values For PAHs at 
334, 351 and 363 Nanometers 
Compound £334 £351 £363 
phenanthrene 112 * * 
anthracene 3600 4000 1600 
fluoranthene 5000 6300 1600 
pyrene 45,700 420 300 
triphenylene 350 71 * 
benzo[a]anthracene 4500 3300 2800 
chrysene 630 320 250 
benzo[e]pyrene 11,200 1600 501 
benzo[a]pyrene 5600 10,000 22,000 
perylene 1100 1800 4200 
* no appreciable absorbance 
170 
Solvents and references are the same as listed in the prec-
eeding table. 
Quantum Efficiency, Qf, Values For PAHs 
Compound Q.f Solvent Reference 
anthracene 0.30 ethanol 114 
pyrene 0. 72 ethanol 114 
benzo[e]pyrene 0.42 ethanol 114 
fluoranthene 0.21 ethanol 114 
perylene 0.97 cyclohexane 52 
chrysene 0.14 cyclohexane 52 
triphenylene 0.08 cyclohexane 52 
benzo[a]anthracene 0.20 hexane 115 
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APPENDIX IV 
The radius of the focussed probe beam at its waist 
is determined by the following equation: 
w = ----- = 0.01 mm 
f 7rW 
0 
Where 
A laser wavelength= 632.8 nm 
f lens focal length = 200 mm 
l/e2 radius of probe laser beam 0.4 mm. 
To determine the probe beam radius at Zopt the following 
diagram is used: 
Zwo 
0 
/3 = 0.11 
x = ytan f3 0.05 mm 
"'i "'f + x 0.06 mm 
172 
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probe volume at Zopt - ~r2h = 10 nL 
where: 
r = wi = 0.06 mm and h - flow cell pathlength 0.1 mm. 
The pump beam volume at zopt is calculated using the same 
procedure. However, since the deep and near UV laser lines 
are not monochromatic w0 is calculated as the average w0 of 
the individual wavelengths composing each line. 
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